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PREFACE 


Physiology is becoming more quantitative. With the increasing pre- 
cision of its methodology, data more suitable for sophisticated quantitative 
treatment are emerging in fields previously touched by nothing more 
formidable than the average. In 1929, of 76 papers selected at random from 
the American Journal of Physiology, only 10.4 per cent used mathematical 
equations of any sort, the most complex of which had four variables. In 
1959, of 91 similar papers, 17.6 per cent used equations, two with six and 
one with thirteen variables. Similar trends are to be seen everywhere in the 
literature. 

The authors of the Annual Review of Physiology up to the present have 
shown little tendency to employ mathematical formulation of the concepts 
presented. This year Drs. E. B. Reeve, T. H. Allen, and J. E. Roberts have 
treated the subject of blood volume regulation in considerable degree by 
specification of explicit models in which the significant variables are formu- 
lated algebraically. The available data are then analyzed with reference to 
the models. The discussion employs the algebraic symbols rather than ordi- 
nary words for data (e. g. concentrations) and for derivative concepts (e. g. 
transcapillary fluxes). None of these devices is new, but the consistency with 
which they are used to build relatively complex theoretical formulations is 
unprecedented in this publication. 

The gain in precision and clarity of thinking will delight the many 
among us who are sensitive to the beauty of mathematical formulation and 
who have been distressed by the labyrinthine nature of the concepts ap- 
proached by the ordinary discursive method of presentation. They will be 
aware of the pitfalls of confusion of model with reality, of the hidden as- 
sumption, and of the reliance on weak data. 

Those, quickly hunting for the last word on capillary permeability, for 
example, may be discouraged by the necessity of orienting themselves to the 
presentation as a whole, for admittedly this is a chapter to be studied rather 
than casually consulted. Its complexity, however, but mirrors the com- 
plexity of the subject. 

We will await with great interest the reaction of our readers to this 
mutation in style and, accordingly, invite their comments. If they are 
favorable, the publication of this chapter may well constitute a milestone in 
the evolution of the art of reviewing for the general physiological readership. 

Our deep gratitude to all our contributors can only be hinted at in these 
words. Their willingness to undertake and carry through the task of pre- 
paring reviews of the type we need never ceases to astonish and delight us. 
Our devoted, efficient, and spirited editorial assistant, Mrs. Joann Huddle- 
ston, and our valued printers, the George Banta Company, Inc., continue to 
deserve our sincere thanks for their share in this undertaking. 


J.M.B. A.C.G. 
H.W.D. H.H. 
J.F. G.K.M. 
F.A.F. 
ane 
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PREFATORY CHAPTER 
PHYSIOLOGY AND MEDICINE: A TRANSITION PERIOD 


By FRANKLIN C, MCLEAN 
Department of Physiology, The University of Chicago, Chicago, Illinois 


It has been my privilege to live and work through a transition period of 
American medical science. My participation in and observation of the revo- 
lutionary changes that have taken place in medicine and physiology during 
the past fifty years (1910 to 1960) is my justification for accepting the invita- 
tion of the Editors to write a highly personal account of this period. 

In 1910—the year in which Abraham Flexner’s report on medical educa- 
tion (1) was published—I received the M.D. degree from Rush Medical Col- 
lege of the University of Chicago, and I have been continuously engaged in 
full-time physiology and medicine since then, including service in the 
United States Army Medical Corps during two wars. The competition for 
admission to the scientific societies in my first decade was not as great as it 
is today; this accounts for my election to the American Physiological Society 
in 1914, to the American Society of Biological Chemists, the American So- 
ciety for the Advancement of Clinical Investigation (now the American 
Society for Clinical Investigation) and to the American Society for Pharma- 
cology and Experimental Therapeutics in 1916, and to the Association of 
American Physicians in 1919. 

My first professorship—in pharmacology and materia medica—was in 
the University of Oregon Medical School, at Portland, Oregon, in 1911. Mr. 
Flexner had written that this school had neither resources nor ideals, and that 
there was no justification for its existence. My appointment began on De- 
cember 1, 1911, with quarters in the “frame building, wretchedly kept’’, as 
described by him. Having begun my academic life in one of the situations 
that the Flexner report was destined to correct, I have advanced, in both 
physiology and medicine, through some of the best that American medicine 
has produced during my lifetime. 

The most important achievement of this transition period in physiology 
and medicine has been the development, on an equal but independent basis, 
of two great sciences, or groups of sciences. The one, concerned with disease 
and with diseased states, we call medicine. The other, concerned with the 
normal or healthy state, we call physiology. It is not within the scope of this 
chapter to relate the events or to name the individuals, both in America 
and abroad, leading to the accomplishments of the past fifty years. That the 
time was ripe for an advance in the sciences concerned with medicine, and 
in medicine itself, seems clear from the fact that several events, destined to 
influence this advance, occurred almost simultaneously. The American So- 
ciety for the Advancement of Clinical Investigation held its first annual 
meeting in 1909; and S. J. Meltzer, in his presidential address, set forth the 
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need for ‘‘a differentiation of clinical medicine into a science and a practice”’ 
(2). In 1910, the year of the Flexner report, the Hospital of the Rockefeller 
Institute for Medical Research was opened in New York, with Dr. Rufus 
Cole as Director. In the same year the University of Pennsylvania, in 
Philadelphia, established a chair of research medicine. The Council on Medi- 
cal Education of the American Medical Association, appointed in 1904, 
played a large part, not generally recognized, in the survey leading to the 
Flexner report and an even greater part in the subsequent efforts to improve 
the conditions recorded in the report. 

In 1913 The Johns Hopkins University School of Medicine procured the 
funds which enabled the maintenance of a full-time group of teachers and 
investigators in medicine, surgery, and pediatrics, and by 1925 Mr. Flexner 
was able to account for more than thirty full-time clinical chairs, many with 
numerous full-time assistants, in the United States, Canada, and England 
(3). In the same volume he stated that: 


There are . . . a few clinics in the United States which, despite the obstacles and 
defects from which in greater or less degree all schools suffer, have undertaken to 
train medical students in the spirit and method of scientific medicine. Towards this 


end they possess ... more complete laboratory facilities—chemical, physical, and 
biological—than are found anywhere else in the world devoted to medical education 
as such, .. . The student is therefore, in so far as these clinics are concerned, getting 


his education in close contact with, and to some extent in real participation in, the 
scientific study and treatment of disease from one or another fundamental point of 
view. 


In the meantime, in 1920, Rufus Cole had provided a blueprint for a 
University Department of Medicine, in keeping with the newer conceptions 
of medicine as a science, for which he was so largely responsible (4). He 
wrote: “It is of importance that medicine should now be generally recog- 
nized as an independent science, just as physiology and anatomy are inde- 
pendent sciences.’’ He rejected the designation of medicine as an applied 
science and emphasized the importance of investigating disease and diseased 
states as natural phenomena, worthy of study for their own sakes, and with- 
out necessary concern with the immediate practical applications that had 
previously dominated most inquiries into the subject-matter of disease. 

In advancing this viewpoint Dr. Cole wrote an eloquent paragraph that 
has been frequently cited and must here be quoted in full. He said: 


Are men available for such a department, as teachers and students, men who are 
interested in the study of disease and who desire to increase the knowledge concern- 
ing disease without any other material reward than the rewards of the student and 
scholar? Or has scholarship gone out of fashion? Or is this such an uninteresting 
subject that no men can be found to undertake its study? As long as men will study 
the stars with scientific methods, as long as men will study the stones with scientific 
methods, men will be found to study disease. The men are ready and waiting, the 
opportunity only is needed. 
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Dr. Cole followed this paragraph with a statement concerning the need 
of laboratories for the program he envisaged, and said: 


The student of medicine must also have his observatory, the hospital, and in this 
he should also have laboratories—his laboratories—and not be a guest or intruder 
in laboratories belonging to other scientific workers—chemists, physiologists or 
others. . . . For the development and teaching of medicine, laboratories are as essen- 
tial as they are for the study of physiology . .. they must be so arranged and or- 
ganized that the work in the laboratories and in the wards can go on simultaneously 
and harmoniously in both. 


There is thus much evidence that within the first ten to fifteen years that 
followed the Flexner report a new science was already in the making, the 
science of medicine, which has become something more than the application 
of physics, chemistry, biochemistry, and physiology to the problems of dis- 
ease. I believe that the essentials for university departments of medicine, 
embodying the principles laid down by Dr. Cole both as to personnel and to 
physical facilities, have been accepted in every university and school of 
medicine in the United States; in fact they have been accepted and put in 
practice in a number of hospitals without teaching connections. There has 
inevitably been a lag in realization of Dr. Cole’s objectives, and his ideal 
plan, as set forth forty years ago, has been met only to varying degrees in 
various institutions. As a whole, however, the situation in medicine in the 
United States today corresponds to a remarkable degree with Dr. Cole’s 
ideas. 

Nor has this been accomplished to the detriment of physiology and of 
the other nonclinical sciences. The physiological sciences, liberated from the 
need to cater to medicine, have grown, both in quantity and in quality, ina 
manner parallel to the growth of medicine. The situation in 1928, at a time 
somewhat later than that in which Dr. Cole was writing, was described in an 
admirable manner by Professor C. A. Lovatt Evans, in a presidential address 
delivered before the Section on Physiology of the British Society for the 
Advancement of Science (5). In a comment on this address, Dr. Alfred E. 
Cohn (6) found that: 


although physiology has made itself independent, Professor Evans still harbors fears. 
He fears to cut the guiding strings of the alma mater [medicine], lest physiology lack 
nourishment. And like many, especially modern, children, he fears lest the ancient 
mother be too feeble intellectually and too powerless, having reared and weaned her 
children, to be able to continue to order and to develop her own house. But the situa- 
tion is just this: having learned as it were and indicated to her many offspring how 
they might best set up houses of their own, medicine is at length free to cultivate her 
own garden. 


That Professor Evans’ fears were groundless is made evident by the contents 
of the Annual Review of Physiology, from Volume I, 1939, and of the Annual 
Review of Biochemistry, from Volume I, 1932. The growth and development 
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of medicine and of physiology have been complementary, each having been 
nourished in part by the other, and both are enjoying interest and support 
seen only as an ideal toward which to strive when Dr. Cole published his 
paper in 1920. It has been my good fortune to be associated with both physi- 
ology and medicine, and with some of the leaders in both disciplines during 
this period of evolution and thus to have witnessed some of the accomplish- 
ments from a favorable position. What I have to say about my own ac- 
tivities may be of interest for this reason. 

I came into intimate contact, at an early age, with some of the best repre- 
sentatives of the medical sciences, in the departments representing the bio- 
logical sciences in the University of Chicago. Eugene F. DuBois has written 
that his ‘‘medical school course in physiology in 1903 consisted of dry lec- 
tures and distant demonstrations of a few animal experiments. Biochemistry 
and pharmacology, which even then were separate courses, added but little 
light” (7). My own experience was the exact opposite of this, yet the careers 
of Eugene DuBois and myself were in some respects parallel. 

Among my teachers in the preclinical years was, first and foremost, 
Anton J. Carlson (physiology). Others, with most of whom I had close con- 
tact, were F. R. Lillie (zoology), C. J. Herrick (neurology), B. C. H. Harvey 
(histology), R. R. Bensley (anatomy), G. N. Stewart (physiology), A. P. 
Mathews (physiological chemistry), H. G. Wells (pathology), E. O. Jordan 
(bacteriology), and Waldemar Koch (pharmacology). This was the period 
during which the biological sciences at the University of Chicago reached 
heights rarely equalled there or elsewhere, before or since, and every en- 
counter with this galaxy of stars was to me a stimulating experience. The 
University of Chicago had more than its share of talent in the biological sci- 
ences; partly because of President Harper’s raid on Clark University, with 
his provision of more favorable conditions, both for living and for working, 
partly because of a generous endowment from Helen Culver in 1895 ‘“‘to be 
devoted to the increase and spread of knowledge within the field of the 
Biological Sciences”, and partly because of the opportunity given to these 
sciences to develop in true university departments, without the domination 
of the immediate needs of medical education. It is safe to say that no other 
medical school in the United States, in that era, had the advantages accruing 
to medicine from strength in the biological sciences like that of the University 
of Chicago. 

It was in this setting that I encountered the man who was to have the 
most profound influence upon my subsequent career. From my first contact 
with A. J. Carlson he was a source of stimulation and guidance to me, and 
the relationship continued until his death in 1956. As a student, I accompa- 
nied him frequently to the stockyards, where he was studying salivary secre- 
tion and lymph formation in horses marked for slaughter, and this was my 
introduction to research. In January, 1908, before I had reached the age of 
twenty, I made my first appearance in print as a co-author with Carlson, and 
six months later a second paper appeared, with myself as sole author. Dr. 
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Carlson’s generosity in publishing this second paper with my name alone, 
because it was based on an idea I had proposed to him, not only made him 
my friend for life; it confirmed me in my desire to be a physiologist. He had 
spent as much time on the problem as I had, and had in fact contributed 
most to the planning and conduct of the experiments; his generous action 
was characteristic of the man. 

I have said that I took up a position at the University of Oregon in 1911. 
I remained in this position, with some important interludes, until 1914. On 
arrival in Portland, following termination of an internship in the Cook 
County Hospital, I found that a laboratory had to be established and 
equipped de novo and that a room on the third floor of the frame building, 
under the eaves and with dormer windows, had been assigned for this pur- 
pose. The State of Oregon had appropriated a total of $20,000 to the Medical 
School for the academic year and this, together with student fees, constituted 
the total income for the school. Funds were scarce, and I bought kitchen 
tables for laboratory benches, in addition to physiological apparatus from 
the Harvard Apparatus Company and conventional glassware. By the begin- 
ning of the second semester I had a workable one-room laboratory for in- 
struction in pharmacology, and I gave my first course in the spring of 1912, 
supplementing the laboratory work with lectures. 

In the summer of 1912 I returned to the University of Chicago, where I 
gave the course in pharmacology; Waldemar Koch, with whom I had served 
as a student assistant, had died after I left for Oregon. In January, 1913, I 
left for Europe, to spend the winter with Professor Otto Loewi in his labora- 
tory at the University of Graz in Austria, and I remained with him until after 
we both attended the International Physiological Congress in Groningen in 
the summer of the same year. Although only one short publication resulted 
from the stay with Loewi, the association with him and the opportunity to 
observe medical education and research in Graz and in other European cen- 
ters had a profound influence on the shaping of my subsequent career. 

I remained in Portland for the full academic year of 1913-14. Under the 
stimulus of my stay with Professor Loewi and aided by an association with a 
young internist, Dr. Laurence Selling, I began to carry on research in the 
same one-room laboratory in which I gave instruction to the medical stu- 
dents. During this period I published a paper on the blood sugar in diabetes 
mellitus, using the Bertrand method, which required reduction of copper, 
followed by its filtration and weighing. Homer W. Smith has referred to this 
paper as recording the first blood sugar determinations in this country (8). 
With Selling I published a paper on the excretion of urea in the urine as re- 
lated to its concentration in the blood. This work made use of the newly- 
published method of Folin, and initiated the application of the Ambard co- 
efficient which eventually led to the studies of Van Slyke and his collaborators 
and to the methods for estimation of urea clearance still in use. 

By the summer of 1914 I had made plans to spend the next two years in 
Breslau in internal medicine, with Otto Minkowski. I resigned from the 
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University of Oregon and returned to Chicago to await a sailing from New 
York booked for August 14, 1914. Before this date World War I was under 
way, and my plans underwent a radical change. I called on Drs. Rufus Cole 
and Donald D. Van Slyke at the Hospital of the Rockefeller Institute for 
Medical Research in New York, and secured an appointment to an assistant 
residency at the hospital, to replace an incumbent who had returned to Ger- 
many at the outbreak of the war. 

Then followed two fruitful years. In addition to the association with Drs. 
Cole and Van Slyke, I very quickly formed a tie with Dr. Alfred E. Cohn, 
who was studying heart disease. It was by a combination of work with his 
patients and in the laboratories of Dr. Van Slyke that I was enabled to carry 
on studies on the excretion of urea and chlorides in the urine. These studies 
resulted directly in a number of publications and led eventually to the fur- 
ther extension of the work by Van Slyke and his associates. During the same 
period I was serving as an assistant resident on Dr. Cohn’s service and be- 
came familiar with contemporary work on heart disease, and with electro- 
cardiography, in which Dr. Cohn was one of the pioneers. Alfred Cohn was 
one of the foremost proponents of the science of medicine and of the university 
department of medicine, and I remained in close association with him and 
under his influence until his death in 1957. 

In retrospect it seems that I left the Rockefeller Hospital and the oppor- 
tunities afforded to me there much too early. But because I did so I was able 
to participate in the implementation of some of the ideas I had been exposed 
to, and was accumulating, by taking part in the developments in Peking and 
Chicago. In 1916 I was asked to go to China to aid in the establishment of the 
Peking Union Medical College, and the years 1916-23, which included active 
duty in the Army in World War I, were spent in a variety of activities, since 
I did not go to Peking to remain there for any length of time until the winter 
of 1920-21. Most important for my scientific development was the oppor- 
tunity to spend the winter of 1919-20 with L. J. Henderson at Harvard Uni- 
versity in the company of H. A. Murray, Jr. The story of this winter and of 
the subsequent developments has been told in detail by Henderson in his 
book on Blood (9). A whole new field was opened by Henderson’s deductions 
concerning the effect of oxygen upon the dissociation of hemoglobin as an 
acid, and I participated in the very first steps in the proof of Henderson’s 
deductions and in the work that followed. 

L. J. Henderson was one of the world’s truly great figures in physiology, 
and in my opinion has never been given the recognition he deserved. His 
great contributions were to an understanding of the acid-base balance of the 
blood and of the physiological significance of the variable acidity of hemo- 
globin. In both instances his contributions were mainly those of his mind 
rather than of the laboratory, but in both he was responsible for opening vast 
areas for further investigation. The privilege of working with him and of ob- 
serving him in action was responsible for giving me guidance and direction 
in my further activities. 
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Since the new buildings of the Peking Union Medical College were ap- 
proaching completion, it was necessary for me to return to China early in 
1921. Before leaving the United States it was agreed with Henderson, as 
related in his book, to transfer the work on hemoglobin to Van Slyke’s labora- 
tory at the Rockefeller Hospital. There began a collaboration which included, 
among others, Austin, Cullen, Hastings, Peters, and Van Slyke. My own 
participation at the Rockefeller Hospital ended with 1920, but in the winter 
of 1922-23 Van Slyke came to Peking as a Visiting Professor, and as the re- 
sult of work done there the definitive paper of Van Slyke, Wu, and McLean 
was published. The privilege of working with Van Slyke in 1914-15, in 1920, 
in 1922-23, and still later in 1924-25 was in many respects responsible for 
the direction my work took later. There is no need for me to dwell upon his 
own contributions to clinical chemistry and to medicine; I do wish to give 
him credit for aiding in the development of whatever talents I may have 
possessed. The influence upon me of Van Slyke and of Henderson did much 
to compensate for the time lost in the less rewarding pursuits in connection 
with the planning and organization for Peking. 

Peking, however, was important in another connection since it gave me 
an opportunity to plan buildings to incorporate some of my ideas. From the 
beginning these buildings were planned to provide laboratories, both for 
research and for diagnosis, treatment, and teaching, as an integral part of 
the facilities for each of the clinical branches of medicine. Operation of these 
laboratories by the clinical departments demonstrated the soundness of the 
plan; the fault lay in the failure to provide enough such facilities for these 
departments. In any event it was not necessary for the clinician to borrow 
space and laboratory facilities from the physiologist in order to carry on his 
own investigations. The principles laid down by Rufus Cole in 1920, to which 
I had of course been exposed since 1914, were thus given full expression in the 
laboratories and clinics formally opened in 1921. The importance that I at- 
tributed to this at the time is reflected in the following sentence in a letter 
which I wrote to Abraham Flexner on February 20, 1924: ‘‘In the plans for 
Peking I insisted on, and got, unity in the main clinical departments, which 
did not exist in other places at the time.” 

Leaving Peking in 1923, I assumed a professorship of medicine at the 
University of Chicago in November of that year, with some responsibility 
for establishment of the new clinical departments of the University, which 
had been delayed because of World War I. On my arrival in Chicago I found 
that shortly after 1920 architectural plans had been completed for a hospital 
on a site across the Midway Plaisance from the main quadrangles of the 
University. These plans included wards and an outpatient department for 
the use of the clinical departments, and a laboratory building assigned wholly 
to the Department of Pathology. They thus conformed to the scheme of 
operations that had been common in the United States up to that time. The 
clinicians were expected to take care of patients and to teach clinical medi- 
cine at the bedside; the laboratories were the responsibility of the non-clinical 
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departments; if anyone in a clinical department had the ability and the de- 
sire to engage in research he could borrow laboratory space from the Depart- 
ment of Pathology. The other medical sciences were located at a considerable 
distance from the site on which the hospital was to be built. 

Here my experience in Peking stood me in good stead. With the support 
of the University Senate Committee, which had made recommendations con- 
cerning the goals of the University of Chicago in medicine, I was instru- 
mental in having these plans discarded. This made possible both a more 
favorable site for the new hospitals and clinics, and a complete revision of 
the plans. The first clinical units, embracing medicine and surgery and some 
of the specialties, as well as pathology, were built on a new plan and were 
opened in October, 1927. The new plan was based on the principle that each 
department would have its own house, providing for hospital patients, out- 
patients, and laboratories, and in each instance the space provided for labora- 
tories was approximately equal to that for patients. The idea of a separate 
house for a department or clinic was of course not new; clinics had been built 
in Europe on this plan for many years. For America it was new to provide 
ample laboratory facilities as an integral part of the space allotted to each of 
the clinical departments; this plan has been continued and extended for each 
of the clinical units built later at the University of Chicago. The plan of the 
separate European Klinik was modified, in the Chicago plan, by arrange- 
ments for common facilities for administration and for the machinery of ad- 
mission of patients. 

It turned out that the provision of laboratory facilities for each clinical 
department was not enough to insure that the department would be master 
in its own house. There was pressure from the bacteriologists, who wished to 
move into the new laboratories of the Department of Medicine and to as- 
sume responsibility there both for the study of infectious diseases and for 
operation of the diagnostic laboratories for clinical bacteriology and serology. 
Similarly, there was pressure from the physiological chemists, who wished to 
assume the same responsibility for the study of metabolic disease and for the 
operation of the laboratories of clinical chemistry. In my opinion, resolution 
of these conflicts in favor of the plan that obtains today, both at Chicago and 
in many other institutions, marked a critical point in defining the role of the 
“‘full-time’’ clinician, and I believe also that the non-clinical departments have 
profited to an equal extent by being relieved of the responsibility of providing 
service functions for the hospital. Above I have attributed the strength of 
the biological sciences at the University of Chicago in part to the fact that 
they were not required to be the handmaidens of medicine; to have yielded on 
this point would have meant a regression to the practices widely current in 
American medicine during the era before 1910. Since the biological sciences 
were already established as university departments, and since the addition 
of the clinical departments was conceived of as an extension of this plan, 
these departments were organized in the Ogden Graduate School of Science, 
part of which later became the Division of the Biological Sciences. Included 
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in this division is the School of Medicine, the faculty of which controls the 
M.D. degree, but the School of Medicine is not an administrative unit. This 
form of organization, which recognizes the departments representing the 
various branches of medicine and surgery as true university departments, is 
unique in American medicine and is an expression of the place of medicine 
as a biological science. 

The new clinical facilities and the Departments of Medicine and of Sur- 
gery were launched, with appropriate dedication ceremonies, on October 21, 
1927. Dr. Cole spoke at these exercises (10) and closed by saying: ‘‘The Uni- 
versity of Chicago has consciously inaugurated a new idea; it has established 
a true university department of medicine; it has erected an observatory and 
laboratory for the study of disease.”” Dr. Alfred Cohn also spoke, and em- 
phasized that the phenomena of the diseased state form the subject-matter 
of a science, to be pursued for its own sake (11). He said: 


. . . there is a general impression that the study of disease leads for the most part 
to a career only in the practice of medicine. That the phenomena of life exhibited by 
diseased cells may be investigated apart from this motive, that they can be studied 
as can any other biological system, is not a familiar belief. And yet there is no doubt 
that they lend themselves to this purpose. Disease is also a state of nature. The study 
of diseased systems may, indeed, yield information of first-rate importance concerning 
the behavior of living organisms. Both are natural and might for the purpose of 
biological generalization be equal. This is an idea which may very well become the 
basis of a conscious direction in the study of medicine of which until now no advantage 
or relatively little has been taken. ... If it becomes recognized that the study of 
diseases offers these opportunities, medicine at once will be seen to take on new as- 
pects. Men entering the study with widely different purposes will aid in the pursuit 
of its aim. It becomes unnecessary any longer to center interest in diseases exclusively 
from the point of view of the practice of medicine. 


Dr. Cole continued to write on this subject, and in a paper published in 
1928 (12) he wrote: 


It must be admitted that the science of medicine has not reached a high state of 
development, even such as physiology has attained. And furthermore, we must admit 
that many of the most important contributions to this science have been made by 
workers in related fields. Nevertheless, I believe that its greatest advancement will 
come only when it shall be pursued by men whose primary interest is in disease. Im- 
portant contributions have been made by clinicians, but only comparatively recently 
have any considerable numbers of physicians become conscious of their obligations 
to contribute to this science, and only still more recently have physicians been given 
any relief from the burdens of practice which will give them opportunities for studying 
disease by scientific methods. It is true that many of the contributors to other 
branches of science also teach, but the practice of medicine is a much more time- 
and energy-consuming occupation than is teaching. 


It has been only a little more than thirty years since Dr. Cole and Dr. 
Cohn stated these goals of medicine so clearly and so explicitly, while at the 
same time describing the conditions existing at the time they wrote. They 
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were writing toward the end of the second decade of what we are calling a 
transition period, and one can say that by that time the problems had been 
examined, the goals had been stated, and the machinery had been set in mo- 
tion for their attainment. I believe that it may fairly be said that, in the 
thirty years that followed, medicine in America has closely approached and 
even in some respects attained the level of physiology and of the other non- 
clinical sciences. Quantitatively one need only think of the numbers of highly- 
trained young men and women now occupying full-time positions in the 
various branches of medicine and surgery, distributed through the medical 
schools and hospitals of the United States, of the membership of the nu- 
merous societies devoted to clinical investigation, and of the hundreds or 
thousands of those who, although not yet elected as members of these special 
societies, attend their meetings, both national and local. The numbers of such 
individuals, who were relatively rare when Dr. Cole and Dr. Cohn wrote, 
must now be very near the total of those engaged in teaching and research 
in physiology, even when the latter is interpreted to include the cognate sci- 
ences of biochemistry and pharmacology. 

Qualitatively, there is sufficient evidence in the programs of these special 
societies and in the papers in such journals as the Journal of Clinical Investi- 
gation, which was the pioneer, and the many other journals that publish the 
results of research devoted to medicine to make it very clear that such re- 
search in America is on a very high level indeed. It is of interest to note that 
there has been an evolution in the concept of clinical investigation. When the 
American Society for the Advancement of Clinical Investigation was under 
organization, the prospectus (13) and the presidential address (2) construed 
clinical investigation as ‘‘medical research . . . by men engaged actively in 
the practice of medicine,”” and the emphasis was on study of the patient 
“‘by the methods of the natural sciences.’’ In publishing the history of the 
Society, by now called the American Society for Clinical Investigation, in 
1949 (13), the Editors of the Journal found it necessary to append a letter to 
the history, in an effort to define ‘‘what is and what is not clinical investiga- 
tion’’, and arrived at the conclusion that: ‘‘Essentially, clinical investigation 
is the study of the sick person, his past experiences and adaptations, and 
their relation to his present plight as it is manifest by deviations in structure, 
function and behavior, and the internal and external processes upon which 
they depend.”’ Now, a short ten years later, the statement of policy in each 
issue of the Journal reads: ‘‘The Journal of Clinical Investigation is designed 
for the publication of original investigations dealing with or bearing on |em- 
phasis supplied] the problems of disease in man, and it is the policy of the 
editors that the Journal should cover the field of clinical investigation in its 
broadest sense.’’ While the emphasis is still on disease as it occurs in man, the 
least common denominator of those engaged in clinical iavestigation appears 
now to be concern with the diseased state, regardless of whether it is ob- 
served in man or produced experimentally in other animals. This is the sci- 
ence of medicine, as envisaged by Alfred E. Cohn in 1927 (11). 

To attempt to make a qualitative comparison between present-day publi- 
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cations classified as physiology and those classified as medicine might well 
lead to invidious distinctions. That Dr. Cole felt free in 1928 to say that 
medicine had not reached as high a state of development as physiology had 
attained, while such a statement could not now be defended, gives an indi- 
cation of the progress of medical science in the intervening time. 

One of the outstanding phenomena of recent years has been the growth 
and development of biochemistry. During my student years, prior to 1910, 
physiological chemistry, as it was then commonly called, was a relatively 
simple chemical adjunct to physiology. It consisted largely of applications 
of organic chemistry, mainly qualitative, to physiological problems. It had 
not reached the clinic and it had not become quantitative; these develop- 
ments were to await the contributions of Van Slyke, Folin, Benedict, and 
others to methodology; they did not come into full flower until the publica- 
tion of Peters and Van Slyke’s Quantitative Clinical Chemistry, in 1931-32. 
It is hardly necessary here to attempt to describe present-day biochemistry. 
It is of interest, however, to note the degree to which clinical investigation, 
as of now, derives from biochemistry. Again, this development has not been 
to the detriment of biochemistry as an independent science. Biochemistry, 
apart from medicine, continues to grow apace, as do both physiology and 
medicine. 

I have dwelt here on the part I played in the development of the clinical 
departments at the University of Chicago. Again there arises the question, 
as it did in connection with Peking, as to what my varied duties and preoc- 
cupations did to the scientific part of my personality. I have noted, in the 
case of the Peking episode, that I was kept alive scientifically by my associa- 
tions with Van Slyke, Henderson, Alfred Cohn, and others. I began my stay 
in Chicago under the theory that I was to continue actively as Professor of 
Medicine and that the activities incident to building, organization, and ad- 
ministration were temporary. While the buildings were being erected I did, 
in fact, find it possible to spend a winter at the Rockefeller Hospital and 
another with Friedrich von Mueller in Munich. But on my return to Chicago, 
and with the growing complexity of the administrative problems, I found 
myself being more and more involved in them. My correspondence of that 
period shows that at the time of the dedication ceremonies in 1927 I was al- 
ready at the point of withdrawing from any professional activities. 

For several years I was almost wholly immersed in non-professional work, 
and devoted myself to a combination of promotion, development, and ad- 
ministration. I was rescued before it was too late by A. Baird Hastings, then 
a Professor of Biochemistry in the Lasker Foundation in the Department of 
Medicine at the University of Chicago. At his insistence I found it possible 
to spend some time regularly in his laboratory, and I became interested in 
the state of calcium in the blood. Hastings and I arrived early at the belief 
that this problem could be attacked by the use of biological indicators, and 
we began with the perfused isolated heart of the rabbit—a technique I had 
learned in Loewi’s laboratory twenty years earlier. 

By the end of 1932 my administrative career was over, and on January 1, 
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1933, I transferred to a professorship of pathological physiology in the De- 
partment of Physiology, still at the University of Chicago. The full story of 
this transfer does not belong here; suffice it to say that many of those con- 
cerned with the promotion of the new outlook on medicine felt the effects 
of what amounted to an occupational hazard. In my case this led to the in- 
auguration of a new chapter in my relations to physiology and medicine, 
and in retrospect it was the best thing that could have happened to me. Per- 
haps my most difficult accomplishment was a self-imposed re-education in 
physiology and medicine, necessitated by a long period of preoccupation with 
non-professional affairs. This, coupled with my investigative activities, at 
first confined within narrow limits, led to a broadening of my scientific in- 
terests, until I found myself concerned with a wide area that until then had 
been but little cultivated, i.e., the physiology of bone. Except for interrup- 
tions for active duty during World War II, assigned to the U. S. Army Chemi- 
cal Warfare Service, and for other U. S. Government assignments in civilian 
capacities, my time since 1933 has been devoted almost entirely to this field, 
with a maximum of time for research and study and with almost no demands 
on me for teaching or for other departmental duties. 

Shortly after my transfer to the Department of Physiology, and partly 
because Hastings and I had had indifferent success in our attempts to secure 
quantitative data by use of the isolated rabbit heart, I arrived at the idea 
that the known sensitivity of the frog’s heart to the concentration of calcium 
in a perfusing medium might be turned to good account for our purposes. 
Again this was a direct consequence of my previous association with Otto 
Loewi, by reference to his use of the frog heart for demonstration of the 
humoral transmission of nerve impulses. This idea led to immediate divi- 
dends and was responsible for an extended period of scientific productivity. 
We were able to demonstrate that the frog’s heart responds only to ionized 
calcium, and that it is not affected by calcium complexed with citrate or in 
other combinations. 

Although Hastings and I were immediately able to make observations of 
calcium ion concentrations in biological fluids, such as blood serum and 
cerebrospinal fluid, our first success, from the point of view of quantitative 
relationships, was the determination of the dissociation constant of the com- 
plex of calcium with citric acid. This has subsequently been confirmed, by 
more conventional methods, with only very small deviations from the values 
arrived at by us with the frog heart. Our next adventure was with blood 
serum, and our experience may be worth relating. In spite of the fact that 
we had just dealt with the dissociation of the calcium-citrate complex, we 
were still under the influence of the idea, prevalent at the time, that the 
ionized fraction of calcium in the serum was independent of that known to 
be associated with protein. We were making observations of the calcium ion 
concentration in serum, and encountered a sample in which this was above 
the range of sensitivity of the frog’s heart being used. To bring it down toa 
level at which it could be measured, the serum was diluted with physiological 
saline, whereupon it became apparent that the calcium ion concentration had 
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not been correspondingly reduced. Other dilutions were made, with similar 
results. Only after several days of puzzling over this did the obvious reason 
occur to me, i.e., that the calcium ions and the calcium combined with pro- 
tein were in equilibrium with each other and that the dilution was bringing 
out the mass-law effect we had studied with citrate. It then became a simple 
matter to fit the data to a mass-law equation. The study of this relationship 
was then extended, and the results were put in the form of a nomogram. This 
has been accepted very generally as a description of the interrelation be- 
tween calcium and protein in the serum, and the nomogram has been widely 
reproduced. The incident is a good illustration of the influence of a fixed idea 
upon the interpretation of experimental data; we escaped from this trap by 
a chance observation. 

There followed a number of publications, all related to the calcium ions 
of the blood. Among them were papers relating to the regulation of calcium 
ion concentrations by the parathyroid glands—still one of my major interests. 

In 1935, Hastings having left for Harvard, and the exploitation of the 
frog heart having reached a point of diminishing returns, I began to turn 
my attention to the mechanisms of transfer of calcium between blood and 
bone, a subject which has been and still is of great interest. Again I formed 
a new association, this time with Dr. William Bloom of the Department of 
Anatomy, and we formulated our goal as that of bridging some of the gaps 
between the chemical and morphological approaches to an understanding 
of calcification and calcified tissues. This led to a further broadening of our 
interests, and we found ourselves in the midst of a complex system of struc- 
ture and function, on the macroscopic, microscopic, and submicroscopic 
levels, with numerous and varied chemical and physiological interrelation- 
ships. We realized that these furnish the subject matter of the physiology 
and biochemistry of bone—a subject matter which we attempted to organize 
and which we were led to explore in many directions. It would obviously be 
wrong to imply that we were the first to make such explorations. What we 
did contribute, I believe, by a systematic approach to this problem—as well 
as to any substantive additions we may have made to the literature—was 
to bring some order out of chaos and to stimulate others to work in what had 
been a neglected field and is now in a period of rapid expansion of interest 
and of concentrated scientific effort. In this sense, perhaps, Bloom and I were 
pioneers in the physiology of bone. 

My first publication with Bloom appeared as an abstract in Science and 
is dated January 1, 1937. It was on the mode of action of parathyroid: ex- 
tract on bone and reported on the cellular transformations observed under 
the influence of the parathyroid hormone. It represented mainly the contri- 
butions of Bloom, as a cytologist, to a problem in the physiology and patho- 
logical physiology of bone, and it was my introduction to this part of the 
physiology of bone and of the parathyroid glands. We then studied calcifica- 
tion in developing and growing bone, making use of a new procedure, devised 
by Bloom, for cutting serial sections of the bones of young animals without 
decalcification. This method later proved of value in the study of deposition 





14 McLEAN 


of radioactive isotopes in bone and has been widely used for this purpose, 
both during and since World War II. We then turned our attention to the 
secondary system of bone that appears in the marrow cavities of the long 
bones of laying birds—a phenomenon discovered some years ago by Kyes. 

During the academic year 1936-37 I was joined by Marshall R. Urist, 
then newly graduated from the college of the University of Michigan, and 
there began a new collaboration that has proved very fruitful. Urist first 
studied calcification in the callus in healing fractures in rats, making use of 
the sectioning method introduced by Bloom. He is now on the faculty of the 
University of California at Los Angeles, where he combines active practice 
and clinical investigation in orthopedic surgery with basic research on the 
transport of calcium in the blood and on related problems. For more than 
twenty years we have continued our collaboration and for some years have 
had the benefit of generous grants from the Josiah Macy, Jr. Foundation, 
given in support of our joint contributions. Our collaboration has also re- 
sulted in the publication of a book which embodies the systematic approach 
to the physiology of bone (14) that had its root in the joint efforts of Bloom 
and myself. 

The close association with William Bloom continued for some years. The 
final paper of which we were co-authors was published in 1953. The senior 
author was M. Heller, and the paper was on cellular transformations in 
mammalian bone induced by parathyroid extract—the theme of the first 
paper by Bloom and myself sixteen years earlier. In the same year I was re- 
tired to emeritus status but have continued to maintain a laboratory in the 
Department of Physiology. In recent years my attention has been divided 
between writing and the laboratory, in both of which I have been aided in 
large measure by Ann M. Budy, who has been my research associate for some 
years. The work that has appeared from my laboratory during the past dec- 
ade on the effects of estrogens on the bones of mice and rats is mainly at- 
tributable to her. These are the only two mammalian species so far discovered 
that exhibit a specific skeletal response to the female sex hormones, and their 
study has added an interesting chapter to the physiology of bone. In addition 
to our own writing we have been called upon with increasing frequency to 
give editorial advice and assistance to others, both before and after submis- 
sion of manuscripts for publication. This has been time-consuming, but a 
rewarding use of energy. 

After World War II, and beginning in 1946, I participated in the Macy 
Conference on Metabolic Aspects of Convalescence. This later became the 
Conference on Metabolic Interrelations and was terminated in 1953. It had 
an important irfluence on the growth of interest in the physiology of bone 
and was succeeded by the Gordon Research Conference on the Chemistry, 
Physiology, and Structure of Bones and Teeth. This, in turn, has grown to 
a point at which it taxes the facilities available to it and is a measure of the 
expansion of interest from the few individuals who took part in the early 
Macy Conferences to the hundreds now engaged in the study of calcified 
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tissues. This interest has also led to numerous other conferences on related 
topics. Perhaps bone will eventually find a place for itself in the standard 
textbooks of physiology! 

I like to think of my own professional life, covering the past fifty years, 
as divided between two periods. During the first period, which ended in 1932, 
much of my thought and energy went into my participation in the establish- 
ment of two institutions—Peking and Chicago. At intervals I was able to 
give time and thought to research in medicine and physiology. I came under 
the influence of some of the leaders in the medical sciences and of the move- 
ment that characterized the transition period about which I am writing. In 
addition to those I have mentioned as my teachers as a medical student at 
the University of Chicago, upon some of whom, notably Carlson, I continued 
to lean, I may mention, not necessarily in the order of their importance: 
Otto Loewi, Rufus Cole, Alfred E. Cohn, Donald D. Van Slyke, Simon 
Flexner, Abraham Flexner, Jacques Loeb, P. A. Levene, William H. Welch, 
L. J. Henderson, and Friedrich von Mueller. From these, among others, my 
scientific heritage derives. This period in American physiology and medicine 
produced many outstanding figures, and in one way or another I came in 
contact with a large number of them. 

The second period, for me, began in 1933 when I left administration and 
clinical medicine for physiology. In the quarter-century since then, and be- 
ginning when I was already forty-five years of age, I made a fresh start and 
established myself in a new and growing field of medical science. Those with 
whom I have associated since then, many of whom have been co-workers, 
are legion. From many I have derived stimulation, encouragement, and sup- 
port. In connection with my contributions to the physiology of bone and to 
its recognition as a field of scientific endeavor, there have been two high 
points in recent years. In 1957 I received the degree of M.D., honoris causa, 
from the University of Lund, Sweden. This is the same university from which 
A. J. Carlson and Otto Folin, both of Swedish birth, received the same degree 
in 1919, on the occasion of the 250th anniversary of the founding of the uni- 
versity. In 1959 I was made an honorary member of the American Academy 
of Orthopedic Surgeons, a distinction which I value highly. 

During my earlier period I thought of myself as in preparation for an 
academic post in internal medicine. This was before the era of American 
Boards, and I was free to make of myself what I would, without a prescribed 
course of training. As revealed by my publications during this time, it ap- 
pears that even then my leanings were toward physiology rather than toward 
medicine as the science of disease. Most of what I published would be classi- 
fied as physiology, some of it pathological; my contributions to medicine, 
as such, seem to have been incidental to those to physiology. During my 
later period the distinction becomes even more marked. Such contributions 
as I have made to the pathology of bone, or to the clinical features of diseases 
of the skeleton, are in the realm of pathological physiology. I recall that 
while I still considered myself as in training for internal medicine I rational- 
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ized my interest in such problems as the chloride shift in blood, which led 
me to L. J. Henderson, by saying that this fundamental knowledge was es- 
sential to a subsequent study of a diseased state, such as edema. As of now, 
I would say that it was the fundamental problem that really held my interest. 
To judge from the papers that are currently published in such journals as the 
Journal of Clinical Investigation, | believe that this is true also of many in- 
vestigators who are in training or who hold positions in departments repre- 
senting the clinical branches of medicine. 

In my experimentai work I have adhered to relatively simple methodol- 
ogy. Harry Murray and I did our work in L. J. Henderson's laboratory with 
a minimum of facilities and of equipment. We adapted a galvanized iron 
washtub for use as a constant temperature bath, with a primitive thermo- 
regulator. Tonometers were not then available, and we made one out of a 
wide-mouthed reagent bottle. The later contributions to the state of calcium 
in the fluids of the body depended upon a frog heart, a heart lever, and a 
kymograph with a smoked drum. The work in Peking, with Van Slyke and 
Wu, was done mainly with glassware brought there by hand by Van Slyke. 
Methodology has become much more complicated since those days, and for 
much of this I must rely upon others. So far as my personal contributions are 
concerned, I am still carrying on in the tradition of my first teacher—A. J. 
Carlson. 
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Considered in its normal environment, i.e. as a functional part of a com- 
plete system, each cell part or phase is involved directly or indirectly in con- 
trolling, limiting, or facilitating interrelationships of various intensities with 
all other parts of its intracellular surroundings. For the most part the details 
of these interrelationships remain undefined, and the consequences of their 
alteration or disruption on the performance of activities of any one part are, 
of course, only partly known. 

A substantial part of the information now available on the association 
of biochemical functions with structures within the cell has come from the 
studies on homogenization-fractionation systems in which relatively pure 
preparations of discrete cellular constituents are subjected to biochemical 
examination. The earlier investigations of this type have been so expanded 
that the technique forms the basis of an important segment of current re- 
search in the fields of cell biology and cell biochemistry. In addition to the 
difficulties of obtaining highly purified preparations of particular cell con- 
stitents (1, 2, 3), there are principally two points on which the reliability 
and applicability of these results to the intact cell have been questioned re- 
peatedly. There is always a strong possibility that cell disruption and isola- 
tion of parts into an artificial medium result in damage to the particular ele- 
ments under study. Slight damage to cell structure, for example, is followed 
by complete cessation of antibody formation (4), and the incorporation of 
amino acids into specific enzymes is stopped immediately by cell disruption 
(5). Materials may be prone to loss from particulates by diffusion into the 
isolation medium, or soluble materials in the homogenate may be absorbed 
or absorbed by solid phases, thus forming unnatural associations. Those who 
have attempted manipulations and operations on intact, living cells are 
especially appreciative of the great lability of cell elements when judged in 
terms of the ultimate test, namely their continued survival according to a 
normal course. A principal difficulty in nuclear transplantation experiments, 
for example, is the great rapidity with which nuclei are irreversibly damaged 
when exposed to any of the many physiological suspension media tested (6, 
7, 8). 

In general, the limitations of the homogenization-fractionation method 
have been recognized by those who use it, and certainly the significance of 


1 The survey of literature pertaining to this review was concluded in May, 1959° 
2 Address from September 1, 1959: Biology Division, Oak Ridge National Labora- 
tory, Oak Ridge, Tennessee. 
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some of the findings is still open to question. As pointed out by Novikoff (2), 
unambiguous data on homogeneity and heterogeneity of cell part prepara- 
tions are still lacking, especially with respect to the association of some en- 
zymes with particular structures (1). Through a large number of studies, 
however, using a wide variety of modifications and variations of the tech- 
nique, basic patterns of events have emerged for cell constituents which are 
consistent with observations on in vivo systems. While it is a convenience to 
study cell function by an examination of its parts in isolation, ultimately all 
such information will have to be referred to the integrated activities of the 
complete cell. 

Besides the current burst of experimentation on homogenates, physiologi- 
cal studies have been continued on functions and interrelationships of parts 
within intact cells, using such techniques as micrurgy, including nuclear 
transplantation, selective irradiation of cell parts, manipulation of nutrients 
in cultures, treatment of cell with specific inhibitors and enzymes, isotope 
tracing, and autoradiography, etc. Interpretation of some of the physiological 
data can be correlated with information on the fine details of intracellular 
structural arrangements as revealed by both electron and light microscopy. 
Such is particularly the case when data may be concerned with the reproduc- 
tion and origin of specific cell materials, with intracytoplasmic and intranu- 
clear relationships and with nuclear-cytoplasmic exchange of materials. 

What is to be sought from the diverse approaches to the problems of 
cellular activities is a complete picture in which the pieces of information can 
be integrated, thereby elucidating the means by which the cell can accomplish 
both specific functions, such as enzyme synthesis, and general processes such 
as growth in a precisely regulated manner. It is now reasonably certain, for 
example, that the microsomal RNA-protein particles are major sites of pro- 
tein synthesis, but there is as yet no explanation of how this function is con- 
trolled and geared to nuclear and cytoplasmic physiology. It is difficult to 
imagine how integrated activities can occur without invoking the concept of 
positive and negative feedbacks. On a simpler level, examples of negative 
feedback are found in the control of the production of a metabolite through 
the inhibition by the final product of one of the earlier, intermediate steps 
(9, 10). There are in these demonstrations some suggestions, at least, as to 
how integration of cellular performance may be achieved. 

A discussion of nuclear-cytoplasmic interactions must be based upon a 
knowledge of the functions of the particuiar parts, and an attempt will be 
made here to review briefly some of the contributions to the latter which have 
appeared principally during the last two years. 


NUCLEAR FUNCTION 


In its role as the repository of genetic materials controlling at least a 
major part of the cell’s molecular specificity, the nucleus must perform bio- 
chemical functions which guarantee the reproduction and dissemination of 
this information; a priori, such functions involve nuclear-cytoplasmic inter- 
relationships. Whether the r-icleus makes any contributions to the phys- 
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iology of the cell beyond the direct provision of genetic information is an 
unsettled question. The search for non-genetic functions becomes almost 
automatically equated with the search for enzymatic activities. Indeed, it 
is difficult to imagine an active process in a cell which is not at least partly 
dependent upon enzymes. 

The nucleus has been demonstrated to be capable of the synthesis of 
protein, RNAand DNA, but the enzyme complement of the nucleus involved 
in these processes is poorly characterized. Because of the strong indication 
that all of these processes are concerned with chromosome reproduction or 
genetic expression by the nucleus, discussion of them is deferred until a later 
section. 

The nucleus apparently contains no system for the production of useful 
energy (3, 11 to 13) for the maintenance of its anabolic activities. Presum- 
ably, energy in the form of ATP is derived from mitochondrial metabolism or 
from glycolysis of the soluble cytoplasmic fraction. There were some earlier 
suggestions that the nucleus was capable of glycolysis, and although certain 
enzymes of the glycolytic system have been reported in isolated nuclei, 
Siebert & Smellie (13) in a review on the subject concluded that glycolysis 
is generally absent from nuclei. That certain enzymes, those involved in 
glycolysis for example, are associated with or absent from isolated nuclei 
may not be particularly meaningful in terms of the normal activities of the 
intact cell. Hogeboom et al. (12) have pointed out that the electron micro- 
scope demonstrations of the porous nature of the nuclear membrane neces- 
sitates a critical re-evalaution of cell fractionation data, especially with re- 
gard to enzymes which may be in a soluble phase in the living cell or during 
some part of the homogenization-fractionation procedure. 

Osawa et al. (14) have demonstrated that free mononucleotides of the 
nucleus can be phosphorylated to the triphosphate state without participa- 
tion of the cytoplasm. The process is unaffected by several inhibitors which 
block oxidative-phosphorylation in mitochondria. The significance of these 
observations in relation to the generation of useful energy in the nucleus re- 
mains in doubt. It is reasonable that the nucleus should have a mechanism 
for forming various di- and triphosphorylated nucleosides, in view of the 
demonstrations that these are apparently the direct precursors in the forma- 
tion of RNA and DNA polynucleotides by phosphorylases in vitro (15, 16). 

In enucleation experiments with various cells which show amoeboid move- 
ment, including HeLa cells in culture (17), the removal of the nucleus results 
in an immediate and marked impairment of amoeboid activity. While most 
of the various effects of enucleation can be explained (see below) in terms of 
mechanisms involved in the transfer of genetic information from nucleus to 
cytoplasm, the striking immediacy of motility impairment suggests a non- 
genetic function. The restoration of motility by transfer of a nucleus into an 
enucleated amoeba is equally striking. The phenomenon may be based on 
the synthesis and provision of a coenzyme by the nucleus as suggested earlier 
by Brachet (18, p. 341). Hogeboom & Schneider (19) have, in fact, presented 
evidence that diphosphopyridine nucleotide production is predominantly 
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localized in isolated nuclei, although Dounce (20) has expressed skepticism 
concerning such localization. Basing his conclusions principally on the finding 
of Hogeboom & Schneider, Morton (21) has proposed a detailed scheme in 
which the nucleus controls cell growth and division through the production 
of diphosphopyridine nucleotide. Cohen (22), however, in some very care- 
fully conducted experiments was unable to find any significant diminution in 
the level of diphosphopyridine nucleotide of enucleated amoebae, suggesting 
a lack of dependence for this coenzyme on the presence of the nucleus. These 
findings are in disagreement with the report of Baltus (23) that enucleation 
is followed by a loss of diphosphopyridine nucleotide in amoebae. 

The rapidity with which enucleation manifests its effects on motility sug- 
gests that the impairment is not mediated through the provision of some 
metabolite—unless it is an extremely labile one—to the cytoplasm, but in- 
stead involves the disruption of some balanced condition perhaps controlling 
sol-gel transformations in the cytoplasm (24). Thus, in the absence of the 
nucleus, the cytoplasm changes from a balance between sol and gel phases to 
a condition of almost complete solation. The maintenance of the balanced 
condition might then be dependent upon subtleties of nuclear-cytoplasmic 
interrelationships not involving the exchange of materials; for example, the 
nuclear influence on the organization of sol-gel transformations might be 
caused partly by polyelectrolyte properties of the nucleus. 


THE NuCLEvUs AND DNA SynTHESIS 


Because of the general absence of DNA from the cytoplasm and the several 
lines of evidence which have shown that the essence of a gene is part or all 
DNA, the matter of its synthesis anywhere except in the nucleus has hardly 
been questioned. The detection of deoxyribosidic compounds in the cyto- 
plasm of amphibian eggs (25) has been interpreted as a storage phenomenon 
related to needs for very rapid cell division during segmentation. Plaut & 
Alexander (26) have reported the incorporation of tritiated thymidine into 
DNA in the cytoplasm of amoeba, but there are difficulties in the interpreta- 
tion of this finding because of the possible contributions to syntheses by the 
organisms ingested in food vacuoles in Amoeba proteus (27, 28). The extra- 
nuclear localization and synthesis of DNA in the parabasal body (kineto- 
plast?) of Trypanosoma have been described by Steinert et al. (29). Incor- 
porated tritiated thymidine and the Feulgen positive reaction of this body 
are sensitive to deoxyribonuclease treatment. Speculation concerning this 
location of DNA is difficult since the function of the parabasal body (kineto- 
plast?) remains a mystery. 

Of more general significance is the DNA-synthesizing system found in 
the soluble fraction of homogenates (30, 31). The synthesis requires DNA 
as a primer (30 to 32). There is an indication fro™ the work of Lehman et al. 
(31) that the primer DNA also acts as a tempi: — for the formation of the 
new DNA in a manner that would be consiste: with the Watson-Crick 
model of DNA structure. The ratios of adenine to thymine and guanine to 
cytidine are both 1:1, regardless of the relative concentrations of the bases in 
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the reaction mixture. When primer DNA with different values for the ratio of 
adenine plus thymine to guanine plus cytidine is used, the newly synthe- 
sized DNA has a similar value for this ratio. The presence of this DNA-syn- 
thesizing system in the cytoplasm is not consistent with the large number of 
demonstrations that DNA synthesis in the intact cell occurs in the nucleus. 
In these experiments the possibility must be raised again that soluble en- 
zymes such as those of the DNA-synthesizing system may be released from 
nuclei after cell disruption. There is the question also of the site of virus 
duplication in infected cells. The nuclei of infected cells show cytological 
changes possibly associated with intranuclear duplication of virus DNA (33 
to 36), but whether enucleated cells can support the duplication of either 
DNA or RNA viruses remains to be tested. 

The majority of experiments with DNA in whole cells have been con- 
cerned with the mechanisms of DNA synthesis and duplication, the time of 
DNA synthesis in relation to the mitotic cycle, and the role of DNA in the 
syntheses of protein and RNA. Little is known about the factors which 
initiate and control DNA synthesis. The process is a regulated step in a 
whole sequence of regulated events comprising the mitotic cycle. Limited 
experimental control of DNA synthesis can be achieved by thymine (37) or 
deoxyriboside deprivation (38). Restoration of the missing precursor to the 
medium is followed by synchronous division of the cell population. While it 
seems unlikely that any such “physiological deprivation” of DNA precursors 
controls DNA synthesis under normal circumstances, the accumulation of 
deoxyribosidic compounds just before DNA synthesis in Lilium (39) may be 
of significance in this connection. Concerning the whole process, it can only 
be said that conditions which permit or promote cell growth and division also 
permit DNA synthesis. There is some evidence of a reciprocal relationship 
between the syntheses of RNA and DNA; during the synthesis of one, the 
production of the other is minimal or is completely stopped (40 to 46). This 
may mean that the synthesis of RNA participates in the regulation of DNA 
synthesis, and vice versa. 

With respect to the mechanisms of DNA synthesis, the in vitro experi- 
ments of Ochoa & Heppel (16) and Kornberg (15, 32) indicate that the im- 
mediate precursors of DNA are nucleoside triphosphates, and the synthesis 
of these can apparently take place in isolated nuclei (14, 47). Presumably the 
appropriate nucleoside triphosphates may be polymerized (by nucleoside 
phosphorylase) in a specific sequence determined in template fashion by a 
pre-existing polynucleotide chain, such as suggested by the Watson-Crick 
model. The double helical model has also received some recent support from 
the experiments on DNA segregation by Taylor and his associates (48, 49). 
Autoradiographic analysis of the distribution between daughter chromosomes 
of tritiated thymidine incorporated during interphase supports the thesis of 
a two-stranded structure of DNA. At the first mitosis following DNA-label- 
ing, both daughter chromosomes are labeled. When labeled cells are allowed 
to proceed through the next interphase with no additional label available, at 
the division following (second division following labeling), only one of the 
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daughter chromosomes of a pair is labeled. The concept of a two-stranded 
DNA helix is also supported by a similar examination of the distribution, 
following cell division, of N'*-labeled DNA in E. coli (50). The use of colchi- 
cine by Taylor (49) to induce the accumulation of metaphases, and thereby 
to facilitate his observations, has been criticized by La Cour & Pelc (51) on 
the grounds that this inhibitor may affect the segregation of chromatids. 
These authors have repeated the experiments of Taylor without using colchi- 
cine and obtained a distribution of label at division which was not consistent 
with a double helical structure but suggested a four-stranded composition of 
DNA. 

The availability of isotopically labeled thymidine and the development 
of microphotometric methods for quantitative studies on DNA have led to 
numerous investigations of DNA synthesis as a function of the cell cycle. 
In general, the more recent studies confirm the earlier work. The synthesis 
of DNA is an excellent demonstration of a biochemical discontinuity in the 
interphase period. In bacteria (37), plant cells (40 to 45, 52, 53), protozoa 
(46, 54), and animal cells (55 to 58), the synthesis of DNA is limited to some 
fraction of the interphase, but the process may occur at any part of the inter- 
phase depending upon the cell type. Walker & Mitchison (59) have reported 
the continuous synthesis of DNA through the entire interphase in Tetra- 
hymena, although these results are in conflict with other reports that the 
process occurs in early interphase in this cell (46, 54). The earlier finding of a 
relatively limited interval of time for DNA synthesis in bacteria was made 
with cells in which the division had been synchronized by one of several tech- 
niques. Schaechter et al. (60) have reported that DNA synthesis occurs dur- 
ing 80 per cent or more of the cell cycle in non-synchronized bacteria. These 
authors have suggested that results obtained on systems of induced syn- 
chrony may be influenced by the induction treatment itself and may not be 
applicable to the normal cycle of untreated cells. 

There is one point of agreement in all of these time studies: i.e, DNA 
synthesis does not take place during mitosis. Although DNA synthesis is a 
prerequisite for cell division, it must also be admitted that the completion 
of such synthesis is not immediately involved in the initiation of the mitotic 
process itself. 

The tendency to equate DNA synthesis with chromosome synthesis stems 
from convincing evidence of several types that DNA constitutes part or all 
of the genetic material and is always localized in the chromosomes. Synthesis 
and assembly of protein also contribute to chromosome duplication. The 
synthesis of the histone complement apparently occurs concurrently with 
DNA construction (61 to 63), but the time relation of these events to the 
synthesis of the non-histone protein is unknown. The same may be said of 
chromosome-associated RNA, though its dissociation from the chromosomes 
during mitosis suggests that it may not be an integral part of chromosome 
structure, but rather a manifestation of metabolic activity of the interphase 
chromosome. Possibly some or all of the non-histone protein also falls into 
such a non-structure classification. 
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THE NUCLEUS AND PROTEIN SYNTHESIS 


There have been a number of reports of isotopically labeled amino acid 
uptake into proteins of the nucleus. The most extensive study was made by 
Allfrey et al. (64) on isolated thymus nuclei. The incorporation was strongest 
in the non-histone protein associated with DNA. The RNA-protein was also 
active but the histones were relatively inert. The process was dependent upon 
aerobic conditions and required the presence of DNA, which could be re- 
placed by RNA. No amino acid binding took place when nuclear RNA syn- 
thesis was inhibited. If RNA synthesis was allowed to take place and the in- 
hibitor added later, no inhibition of protein synthesis occurred. The experi- 
ments suggest that the synthesis of nuclear protein requires a preliminary 
synthesis of nuclear RNA. The incorporation of amino acids into isolated 
thymus nuclei has been confirmed by Ficq & Errera (65) who also investi- 
gated the question of cytoplasmic contamination, concluding that the latter 
was relatively unimportant. In the experiments of these authors it appeared 
that amino acid incorporation might take place simultaneously with DNA 
synthesis. According to Logan et al. (66) utilization of phenylalanine by iso- 
lated rat liver nuclei is stimulated by addition of mitochondria. Carneiro & 
Leblond (67) have demonstrated by autoradiography the incorporation of 
amino acids into the protein of nuclei in vivo; again, the greatest uptake was 
associated with the chromatin. The nuclear sap had a comparatively low 
level of activity and, contrary to earlier reports of active protein synthesis 
in the nucleoli in starfish oocytes (68), the incorporation into nucleoli of 
adult mammalian nuclei was low or entirely absent. 

Whether DNA can participate directly in the synthesis of protein or al- 
ways acts through an intermediate agent (RNA) cannot be decided on the 
basis of presently available evidence. In experiments on the transfer of 
genetic information (i.e., DNA) in bacteria, expression of the transmitted 
information begins very soon in the recipient. In E. coli the synthesis of 6- 
galactosidase approaches the maximum rate a few minutes after the arrival 
of the genetic determinant (69). Pardee (70) considers this type of data as 
strong support for the hypothesis that DNA has a direct action in the syn- 
thesis of proteins in bacteria, rather than expressing itself via an intermediate. 
Ficq et al. (71) observed autoradiographically the incorporation of C™ 
phenylalanine in*o puffs of dipteran polytene chromosomes. The puffs gave 
a staining reaction for RNA, however, and were the site of C!# adenine in- 
corporation. For the present it is more reasonable to suppose that such amino 
acid incorporation into puffs of chromosomes is associated with the presence 
of RNA rather than DNA. 

Recent experiments with nuclear transplantation in amoeba by Goldstein 
(72) suggest that specific protein synthesis occurs in the nucleus. These 
interesting results demonstrate that some protein of the nucleus is trans- 
ferred to the cytoplasm and then back to the nucleus. Earlier studies on 
enucleated cells have shown that protein synthesis is reduced in the absence 
of the nucleus, indicating that at least some part of the cell’s protein-synthe- 
sizing ability is immediately dependent upon the presence of the nucleus. 








24 PRESCOTT 


This literature has been reviewed by Chantrenne (73, 74) who concludes that 
both the nucleus and cytoplasm carry on protein synthesis. 


THE NUCLEUS AND THE SYNTHESIS OF RNA 


The many studies on incorporation of radioactive precursors into RNA 
have further substantiated the fact that the assembly of this molecule is one 
of the functions of the interphase cell nucleus. The components of, and evi- 
dently the energy for, this synthesis must be supplied by the cytoplasm. 
According to studies on isolated nuclei, however, relatively non-specific pre- 
cursors are sufficient; orotic acid can serve in the synthesis of required pu- 
rines, and glycine is incorporated into pyrimidines (64). As mentioned above 
(14), isolated nuclei are capable of further phosphorylation of nucleoside 
monophosphates. This is consistent with the substantial incorporation of 
P® orthophosphate into DNA and RNA by isolated nuclei (47, 75). In vitro, 
at least, it is the nucleoside triphosphate which serves for the formation of 
DNA in the nucleoside phosphorylase polymerization system (15, 16). Vari- 
ous intermediates such as uracil, adenine, nucleosides. and nucleotides can 
serve as intermediates in intact cells, suggesting that these materials prob- 
ably move from the cytoplasm into the nucleus without difficulty. 

The involvement of RNA in protein synthesis, the demonstrated ability 
of RNA to carry genetic information in viruses (76 to 78), and the basic 
similarities in the compositions and structures of RNA and DNA all suggest 
that the RNA of cells acts as a carrier of genetic specificity. In view of some 
of the work on tobacco mosaic virus (78), possession of this function,by RNA 
can hardly be considered to be hypothetical in viruses, and the supposition 
that it performs the same role on a cellular level is very attractive. It has 
been hypothesized that RNA obtains its genetic information through DNA- 
directed assembly. Here, the analogy with tobacco virus fails somewhat, 
since the transfer of information in RNA viruses is from RNA ultimately to 
RNA, while in the cell the transfer is believed to proceed from DNA to RNA. 
This inconsistency may be found to offer no fundamental problem when 
more is known concerning the function of the protein moiety of the nucleo- 
protein molecule. Moreover, the possibility that under some circumstances 
new RNA also obtains genetic information through assembly directed by pre- 
existing RNA cannot be excluded. 

The polynucleotides synthesized in vitro by the nucleoside phosphorylase 
of Ochoa and his associates appear to offer an excellent opportunity for the 
study of RNA structure (15, 16, 79 to 85). Of special interest is the two- 
stranded helix which forms upon mixing polyuridylic and polyadenylic acids 
synthesized in vitro (79 to 81, 86). The two-stranded helix thus formed will 
combine with another polyuridylic strand to form a three-stranded molecule 
(80, 86). From their studies on the formation of these two- and three-stranded 
polymers, Felsenfeld & Rich (86) concluded that the complex is held to- 
gether by hydrogen bonding. The spontaneous formation of the two-stranded 
helix raises the question of whether the double helix described for prepara- 
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tions of DNA represents an artifact introduced by the isolation of the ma- 
terial. 

Zubay (87) has suggested a possible relationship which may be of impor- 
tance in the transfer of genetic imprint from DNA to RNA. In the Watson- 
Crick model of DNA structure, there are two base pairs, adenine plus thy- 
mine and guanine plus cytidine. and the two isomers of these, thymine plus 
adenine and cytidine plus guanine. Considering that these pairs in DNA will 
determine the sequence of bases in RNA by possessing a specificity, in the 
order listed, for guanine, cytidine, uracil, and adenine, the ratio in RNA of 
guanine plus cytidine to adenine plus uracil will equal the ratio in DNA of 
adenine plus thymine to guanine plus cytidine. Zubay reports that the ratios 
are indeed equal in the comparisons of nuclear RNA and DNA from rat 
liver, ox liver, kidney, and starfish oocyte. This hypothesis is apparently in 
conflict with the correlation between the compositions of DNA and RNA 
reported by Belozerskii & Spirin (88), who examined the base compositions 
for 19 species of bacteria and found the ratio of guanine plus cytidine to 
adenine plus uracil in RNA greater when the ratio of guanine plus cytidine 
to adenine plus thymine for DNA is higher in a particular species. Zubay 
based his ratios on nuclear RNA while Belozerskii & Spirin compared total 
cell RNA. 

Presumably, DNA serves in the process of its own duplication, perhaps, 
as is frequently discussed, by pairing off the two strands of the double helix. 
If DNA also plays an intimate part in the synthesis of RNA, it is quite con- 
ceivable that these two operations are temporally mutually exclusive. De- 
oxyribonucleic acid involved in its own replication may not be able to serve 
in a template manner (or any other manner) for the production of RNA. 
There is certainly some indication in the work of Taylor and his associates 
and others that this situation c btains. Taylor & McMaster (40) found a mini- 
mum incorporation of P® into RNA during the peak of DNA synthesis and 
none during pro-, meta-, and anaphases. The greatest incorporation occurred 
between the end of DNA synthesis and the beginning of prophase. In'micro- 
gametogenesis in Tulbaghia according to Taylor (42, 43), RNA synthesis 
occurs during most of the cell cycle but falls to a very low level during zygo- 
tene pairing, late stages of division, and periods of DNA synthesis. The same 
relationship was found in Tradescantia root tips (45). Siskin (44) followed 
RNA and DNA syntheses by the incorporation of C' orotic acid in Trades- 
cantia and reported that the peak of incorporation for RNA precedes the 
peak for DNA synthesis. A small amount of RNA synthesis then took place 
in the 8-hr. period between the end of DNA synthesis and the onset of pro- 
phase. Again, in Tetrahymena, DNA synthesis is limited to the first half of 
interphase (46, 54), and 85 per cent or more of C'* adenine incorporation into 
RNA occurs in the second half of interphase (46). Using a less direct method, 
Mitchison & Walker (59, 89) came to the conclusion that both DNA and 
RNA syntheses take place continuously and at a constant rate over inter- 
phase in Tetrahymena. The evidence for a mutual exclusiveness of RNA and 
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DNA syntheses in itself indicates little regarding any interrelationships be- 
tween the two substances, but most of the data are at least consistent with 
current speculations about template code-copying. 

One of the difficulties in considering the DNA-RNA template idea is the 
apparent extraction heterogeneity of RNA. On the level of genetic specificity, 
heterogeneity in terms of base sequences and base ratios is to be expected. It 
seems unlikely, however, that such a specificity type of heterogeneity could 
account for the two classes of RNA in the nucleus which have been defined by 
differential extractability and isotope incorporation data. Logan & Davidson 
(90) designated a nuclear RNA, and a nuclear RNAz on a solubility basis. 
The two classes also differed in the incorporation of P* into nucleotides, par- 
ticularly with respect to adenylic and cytidylic acids, but both were con- 
siderably more active than cytoplasmic RNA. In a subsequent paper Logan 
(91) described a more active uptake of C™ adenine into nuclear RNA, than 
into RNA,. There was also a lag in the uptake of C™ adenine into RNA, 
leaving open the possibility that RNA2is the precursor of RNAi. Osawa et al. 
(92, 93) have also described two classes of nuclear RNA with different solu- 
bilities, different uridylic and guanylic acid content, and different P*® incor- 
porations. Again, both nuclear fractions were more active in P® incorporation 
than the cytoplasmic fraction of RNA. Nuclear RNA, was similar to cyto- 
plasmic RNA in base content, indicating that the former might be the source 
of the latter. 

It is apparently not known whether the two classes of RNA defined ini- 
tially by solubility correspond to the two principal intranuclear locations of 
RNA: in the nucleolus and in a more diffuse association with the chromo- 
somes. In experiments with isotopically labeled RNA-precursors, the nu- 
cleolus apparently always has a greater amount of incorporated radioactivity 
than do the chromosomes. In P® experiments of McMaster-Kaye & Taylor 
(94) with Drosophila, incorporation was first apparent in the nucleolus, later 
in the chromosomal and cytoplasmic RNA. Similarly, according to Woods & 
Taylor (95), incorporation of tritium-labeled cytidine in Vicia was first ap- 
parent in the nucleolus and later in the cytoplasm. Very little radioactivity 
was attributable to RNA of the interphase chromatin. These authors feel that 
RNA may be “‘associated with the chromosomes for a relatively short time in 
comparison with the time that it is associated with the nucleolus. This would 
explain why the nucleolus is more heavily labeled than the chromatin.” They 
hypothesize that RNA receives genetic specificity during its synthesis in 
association with DNA, then is shifted from the chromosome to the nucleolus 
where it is perhaps joined with histone. The completed RNA-protein is re- 
leased to the cytoplasm where it participates in protein synthesis. 

In the very interesting observations of Ficq et al. (71), C'4 adenine incor- 
poration into RNA was associated with the layer of chromosomes in germinal 
vesicles of amphibian oocytes stratified by centrifugation, suggesting that 
the incorporated activity may be localized in the loops of the lampbrush 
chromosomes. This finding is in agreement with the RNA and protein com- 
position of the loops (96 to 98). The high-resolution autoradiographs of Ficq 
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et al. (71) on the polytene chromosomes of dipteran larvae showed the DNA 
of certain bands and puffs to be heavily labeled with tritium-thymidine. Dif- 
ferent bands were active at different times. Using a photometric method, 
Stich & Naylor (99) found that the DNA content of specific parts of chromo- 
somes changed independently. In studies by Ficq et al. (71), C'4 adenine in- 

corporation also was increased in the puffed regions. The authors ascribe this 

to increased RNA anabolism, although it is not clear from their report 

whether RNase and deoxyribonuclease controls were carried out. The pos- 

sibility that the increased C' adenine incorporation at the puffs may be ac- 

counted for by the demonstrated increase in DNA synthesis at these sites 

cannot be excluded without adequate control experiments. Carbon 14 phenyl- 

alanine was also incorporated into puffs. Administration of both C' phenyl- 

alanine and tritium-thymidine illustrated that protein and DNA synthesis 

occurred simultaneously in the same puffed region. It would be of interest to 

know whether DNA and RNA syntheses really can occur simultaneously, in 

view of the present evidence cited above of a mutual exclusiveness in the 

time of syntheses of the two molecules. From their autoradiographic studies, 

Ficq et al. suggest that puffing is a manifestation of genic hyperactivity in 

certain bands, which ‘‘may stimulate RNA synthesis initiating in turn a syn- 

thesis of specific proteins.” 

Ris (97) and Beermann (98) have reviewed the subjects of lampbrush 
chromosomes in oocytes and puffs of the dipteran polytenic chromosomes, 
Both structures are composed of coiled and twisted microfibrils. The loose 
fibril network is possibly produced by lengthening of existing fibrils through 
the addition of RNA and non-histone protein (97). Reduction in size of loops 
and puffs (98) is very likely accompanied by loss of material (RNA-protein) 
from the chromosome. The apparent synthesis of this RNA-protein in close 
association with DNA, as well as its subsequent separation from the chromo- 
some, certainly is stiggestive of an intermediate carrier role for this material, 
particularly in view of the demonstration of the passage of RNA (100) from 
the nucleus to the cytoplasm in amoeba. 

The nucleolus is certainly involved in some aspect of the metabolism of 
RNA and is probably also involved in the metabolism of nuclear protein. 
There is still the question, however, of whether the observed concentration of 
isotope in RNA (71, 95) and in protein (68, 101) of nucleoli is the result of 
synthesis by the nucleolus or of modification and storage of RNA and protein 
originally produced in association with chromosomes. The concept that RNA 
represents an intermediate carrier of genetic specificity and that its synthesis 
is a nucleolar function introduces difficulties in interpreting spatial relation- 
ships of RNA synthesis in one or a few concentrated points in a highly dis- 
persed chromatin from which it is supposedly receiving information. The 
proposition has been put forward that the nucleoli originate by accumulation 
into definitive structures of RNA and protein synthesized along the chromo- 
some (97). As pointed out by Woods & Taylor (95) the time relationship of 
intranuclear incorporation of radioactivity into RNA is consistent with the 

thesis that nucleolar RNA is derived from chromosomal RNA. Such a scheme 
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of events is in general agreement with the views and work of Ris (97), Ficq 
et al. (71), and others. 

The concept of the nucleolus as a mere collection center of RNA and pro- 
tein produced in association with the chromatin may be an oversimplification, 
since nucleoli have specific associations with particular parts of particular 
chromosomes in some instances (102) and since their number is usually under 
precise genetic control. Monty et al. (103) report a high content of DNA, pos- 
sibly of low molecular weight, in liver cell nucleoli. These authors suggest 
that the nucleolus may have a function in the formation of enzymes neces- 
sary for mitosis and, as such, acts as a type of auxiliary chromosome. 
Whether DNA is normally a constituent of the nucleolus, however, is still an 
unsettled matter (18). Short exposure of one of the two nucleoli in cells of 
the developing grasshopper embryo to ultraviolet irradiation any time during 
the period from late telophase to prophase is sufficient to inhibit mitosis 
(104). By late prophase, the nucleolus apparently becomes insensitive to 
ultraviolet treatment, at least in terms of mitotic inhibition. Presumably 
material (RNA-protein?) of the nucleolus is damaged by the radiation. The 
expression of such damage may involve the intermediate step in release of 
nucleolar material to the cytoplasm, and the insensitivity of the later pro- 
phase nucleolus may indicate that the nucleolar material of this stage be- 
comes functional too late to affect the current cell division. 


THE NucLEAR MEMBRANE 


Additional substantiating reports on the porosity of the nuclear mem- 
brane which have appeared recently indicate that rela.ively large molecules 
can move between the nucleoplasm and the cytoplasm. Beams et al. (105) 
have described the nuclear membrane in a parasitic gregarine as a doubled, 
porous structure, and Anderson & Beams (106) have observed pores 400 A in 
diameter in nurse cells in the ovary of Rhodnius. The latter authors present 
electron microscope evidence for the passage of materials through these nu- 
clear pores. Irregularly shaped masses of granules were found in both the 
nucleus and cytoplasm. In some cases, these appeared to be continuous with 
each other through the pores of the membrane. The granules were similar in 
size to those found in the nucleolus. Observations of the nucleolus either in 
contact with or in close proximity to the nuclear membrane have previously 
led to frequent speculation concerning the passage of nucleolar material to 
the cytoplasm. Lehman (107) has recently discussed such a possibility and 
has presented electron microscope evidence supporting a nucleolus-to-cyto- 
plasm transport. Using an osmotic method, Harding & Feldherr (108) in- 
vestigated the permeability characteristic- of the nuclear membrane of the 
frog oocyte and concluded that particles voi molecular weight of less than 
40,000 readily penetrate the membrane while larger molecules penetrate 
poorly. There is evidence from studies on virus reproduction that high-mo- 
lecular-weight substances cross the nuclear membrane (109). Recent experi- 
ments by James (110) have demonstrated a very rapid movement of material 
from nucleus to cytoplasm in response to stressful situations. The subjection 
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of amoebae to rapid temperature changes or to cytoplasmic amputation re- 
sulted in a loss of 10 per cent to 15 per cent of the anhydrous mass of the 
nucleus as measured by interference microscopy. 

The transmission of soluble materials across the nuclear membrane may 
be only the result of passive diffusion or, in the case of granules, of fortuitous 
movement through the pores. Bernhard (109) has suggested that the nuclear 
membrane may eventually prove to possess capacities for active transport of 
materials and, by such activity, to exercise control over nuclear-cytoplasmic 
interactions. 

The inability of the nucleus to generate useful energy for its own syn- 
thetic activities necessitates the passage of ATP or other high-energy sources 
across the nuclear membrane. Isotope tracer studies demonstrate that a 
variety of purines, pyrimidines, nucleotides, amino acids, and other small 
molecules readily enter the nucleoplasm. In the treatment of living cells with 
RNase (mol. wt. 12,000), disturbances in the cytological features of the 
nucleus, particularly of nucleoli, are apparent long before the effects of the 
R Nase become irreversible (111). Such effects are considered a demonstration 
of RNase penetration into the nucleus. 

There are numerous recent examples of nuclear-cytoplasmic interactions 
studied in more general terms. Nuclear transplantation experiments with 
amoebae (112) and with amphibian eggs and embryos (113 to 117) have 
demonstrated that the cytoplasm may have profound and frequently ir- 
reversible effects on the nucleus. While it has long been known that cyto- 
plasmic volume is proportional to the ploidy of the nucleus, Hauschka (118) 
has found that a higher degree of ploidy is also accompanied by a faster abso- 
lute growth rate of tumor cells. A higher degree of polyteny in Tetrahymena is 
likewise associated with a faster growth rate (119). Nuclear and nucleolar 
sizes in Acetabularia are linked to cytoplasmic volume and to the intensity 
of photosynthetic activity in the cytoplasm. There are examples in which the 
expression of a nuclear gene is strongly influenced or modified by the cyto- 
plasm (121). Analyses of characteristics apparently controlled by cytoplasmic 
inheritance mechanisms have revealed a complex of nuclear-cytoplasmic in- 
terrelationships (122 to 124). 

Such interrelationships constitute evidence for a continuous and sub- 
stantial passage of materials across the nuclear membrane in both directions. 
While this transport may be passive, active, or controlled by coordinated 
activity of the nuclear membrane and cytoplasmic components immediately 
adjacent (125), exchange across this membrane is now considered to be more 
open than was generally granted a few years ago. 





RNA In NuUCLEAR-CYTOPLASMIC INTERACTIONS 


The hypothesized role of RNA as the intermediate carrier of genetic in- 
formation from chromosomal genes to sites of protein synthesis in the cyto- 
plasm is strongly supported, both directly anc indirectly, by several different 
lines of evidence. RNA is synthesized in the cell nucleus, some of this pro- 
duction certainly appearing to occur in close association with chromosomes 
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(see discussion above). Studies on tobacco mosaic virus show that the RNA 
of this virus carries most or all of the genetic specificity (76 to 78). The infec- 
tion of tissues with highly purified preparations of protein-free RNA from 
tobacco mosaic virus is followed by production of virus particles containing 
normal virus protein. Infection with virus particles reconstituted artificially 
from the RNA of one strain and the protein from another results in the pro- 
duction of viruses with properties almost completely like those of the strain 
which contributed the RNA. 

Several types of studies bear on the problem of RNA transfer from the 
nucleus to the cytoplasm: comparisons of base compositions and rates of 
precursor incorporation into nuclear and cytoplasmic RNA; comparisons of 
RNA-synthesis abilities of nucleated and enucleated cells; electron micro- 
scope observations suggesting the movement of granules through the nuclear 
membrane (106, 107); transplantation of isotopically labeled nuclei; and 
observations on the behavior of RNA during mitosis. 

Data on base composition and isotopic labeling of bases in RNA present 
a rather confused picture at the present time. Two classes of RNA have been 
described for the nucleus, initially on the basis of differential extractability. 
Logan & Davidson (90) found a much greater incorporation of P® into 
adenylic and cytidylic acids of the two nuclear RNA classes than into those 
of cytoplasmic RNA. One of the nuclear RNA classes resembled cytoplasmic 
RNA in the relative amounts of P* incorporated into the various nucleotides. 
Osawa et al. (93) also have observed a higher P* incorporation rate into nu- 
clear RNA fractions. According to Hotta & Osawa (126) one of the nuclear 
RNA’s was practically identical in base ratios to microsomal RNA (appendix 
and thymus), indicating a possible precursor relationship. In liver, however, 
this similarity was not found and, on the basis of this difference in liver and 
differences in P®* incorporation, Hotta & Osawa tend to reject the idea of a 
precursor relationship between nuclear and cytoplasmic RNA’s. Osawa et al. 
(92), however, obtained electrophoretically homogeneous ribonucleoprotein 
from the nucleus and from microsomal particles. Both showed the same 
mobilities and relative proportions of RNA. Cox (127) has studied the base 
ratios of nuclear RNA as a single fraction as well as of RNA’s isolated with 
the mitochondrial, submicroscopic particle, and supernatant fractions. Al- 
though it was concluded that the nuclear fraction was unique in containing a 
higher ratio of uridylic to cytidylic acids, the difference was hardly larger 
than variations between the various cytoplasmic fractions. Because of the 
many contradictions, this type of data on base ratios and incorporation rates 
cannot be said either to support or to contradict the concept of a transfer of 
RNA from nucleus to cytoplasm. 

A number of recent studies on the time sequence of isotopically-labeled 
precursor incorporation into RNA in intact cells are strongly indicative of 
a transfer of nuclear RNA to the cytoplasm. McMaster-Kaye & Taylor (94) 
observed that the incorporation of P* into RNA was first apparent in the 
nucleolus and only later in the cytoplasm. Similarly, Woods & Taylor (95), 
in experiments with tritium-cytidine incorporation into RNA of root meri- 
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stems, found that radioactivity appeared first in the nucleolus and later was 
present in both the nucleolus and cytoplasm. In a second experiment, root 
meristems were incubated with tritium-cytidine for a period of time which 
previous experience had shown to be sufficient for nucleolar labeling only. 
The meristems were then transferred to a non-radioactive medium and incu- 
bated for some hours. Subsequent examination revealed that, in these cells, 
the radioactivity had essentially disappeared from the nucleoli and was pres- 
ent in the cytoplasm. The authors conclude that RNA moves from the nu- 
cleolus to the cytoplasm. The simple and precise experiments of Zalokar 
(128, 129) on Neurospora hyphae demonstrate transfer of nuclear RNA to 
the cytoplasm. Neurospora hyphae were fed tritium-uridine for varying 
periods and were centrifuged to stratify the nuclei, mitochondria, and ergas- 
toplasm (microsomes) into discrete layers, and the intact stratified cells were 
then autoradiographed. With a short feeding period of tritium-uridine (1 to 
4 min.), only the nuclei incorporated the label. With longer exposures to the 
isotopic medium, the label appeared in both the nuclei and the microsomal 
fraction. With a short exposure to the isotope followed by further incubation 
in a non-isotopic uridine medium, the label could be observed to appear in 
the microsomal fraction at the expense of the nuclear label. The supernatant 
did not show incorporated radioactivity. The studies are not only indicative 
of the transfer of nuclear RNA to microsomes but also strongly suggest that a 
major part or all of cytoplasmic RNA is derived from the nucleus. The same 
experimental design, using in this case tritium-cytidine, has been applied to 
HeLa cells in culture by Goldstein & Micou (130) who reached the same 
conclusion as Zalokar, i.e., that nuclear RNA serves as a precursor of cyto- 
plasmic RNA. These experiments, however, included a further control in 
that an excess of unlabeled cytidine was added to the non-labeled medium. 
When cells labeled with tritium-cytidine were transferred to the non-radio- 
active medium, the unlabeled cytidine did not compete in the gradual ac- 
cumulation of incorporated label in the cytoplasm. From this it was con- 
cluded that the label originally present in the nucleus moved into the cyto- 
plasm not as free cytidine but as a part of the RNA molecule. 

Feigelson & Feigelson (131) have measured the increase in RNA of vari- 
ous cell parts during the induction of the synthesis of tryptophan peroxidase. 
The absolute increase in RNA is greatest initially in the nucleus followed, in 
decreasing amounts, by the soluble fraction of the cytoplasm, the microsomal 
fraction, and, lastly, the mitochondrial fraction. These results were described 
as being compatible with the thesis that cytoplasmic RNA is synthesized in 
the nucleus. 

The dissolution of the nuclear membrane, disappearance of the RNA- 
laden nucleolus, and the “stripping off’’ of the chromosome-associated RNA 
from the chromosomes are highly suggestive of a release of nuclear RNA to 
the cytoplasm during mitosis. Love (132), in observations on ascites tumor 
cells, concluded that RNA is transferred to the cytoplasm at mitosis via the 
nucleolus and RNA-containing “‘parachromatin bodies’’. The transfer of nu- 
cleolar material to the cytoplasm has also been described by Geiger (133) in 















32 PRESCOTT 


studies on mammalian brain cortex in vitro. Using staining techniques. 
Rabinovitch & Plaut (134) noted a striking loss of RNA from the nucleus of 
amoeba at mitosis. The predivision nucleus in amoeba contained a large 
amount of cytochemically demonstrable RNA which was localized in the 
small granules, sometimes described as nucleoli, along the inner aspect of the 
nuclear membrane. These RNA-rich granules were not detectable in the nu- 
cleus during the first 1 to 2 hr. after division. 

The most direct demonstration of the passage of RNA from the nucleus 
to the cytoplasm during the interphase period is found in the well-known 
nuclear transplantation experiments of Goldstein & Plaut (100). The RNA 
of the nucleus and cytoplasm of an amoeba was heavily labeled with P*®. 
The nucleus from such a labeled cell was transplanted into a non-radioactive 
cell from which the nucleus had been previously removed. The radioactivity 
initially located in the RNA of the transplanted nucleus was traced as it 
moved from the nucleus to the cytoplasm. Control experiments with RNase 
showed that P® transferred to the cytoplasm was bound to RNA. All of the 
above evidence makes it difficult to avoid the conclusion that RNA moves 
from nucleus to cytoplasm. Additional experiments demonstrated that labeled 
RNA did not re-enter the nucleus. Such a one-way passage was taken as 
strong evidence that the P® did not leave the nucleus as an acid soluble phos- 
phorus compound, as suggested by Hotta & Osawa (126), but remained a 
part of RNA during the transfer. 

Further evidence that RNA plays an important part in nuclear-cyto- 
plasmic interrelationships is found in the comparison of RNA metabolism in 
enucleated and nucleated cells. The experiment is elegantly simple in design, 
but the two cell types, Amoeba proteus and Acetabularia, so well-suited for 
enucleation and used in most of such studies, have not yet been cultured 
under aseptic conditions. The A. proteus experiments are complicated not 
only by difficulties of achieving asepsis externally, but also by the viable 
organisms and fragments of organisms which remain in food vacuoles despite 
days of starvation. In Acetabularia, in addition to the problem of asepsis, the 
accurate measurement of RNA has presented difficulties (135, 136). On the 
basis of observed incorporation of C orotic acid (137) and an apparent net 
increase of RNA in enucleated Acetabularia as determined by an adenine iso- 
tope dilution method (138), it was concluded that at least some RNA synthe- 
sis occurs in the cytoplasm. This conclusion is questioned by the experiments 
of Richter (135) in which the level of RNA in enucleated Acetabularia re- 
mained unchanged for many days following enucleation. Naora et al. (136) 
have reported more recently that the RNA content, as measured by a C4 
adenine and C guanine dilution method, gradually decreases in enucleated 
Acetabularia. The latter results agree with the earlier findings of Brachet 
(139) and James (140) of a gradual loss of RNA from enucleated A. proteus. 
In view of this recent work (134, 136), cytoplasmic synthesis of RNA in 
Acetabularia is questionable. 

In A. proteus, Prescott (141) has reported a lack of C uracil incorporation 
into the RNA of enucleated cells. Plaut & Rustad (142), however, observed 
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incorporation of C™ uracil, C4 adenine, and C" orotic acid into the RNA of 
enucleated A. proteus and these results have been confirmed in Brachet’s 
laboratory (18, p. 324). Prescott (27) has presented some evidence that up- 
take of the radioactive precursors into RNA of enucleated A. proteus is 
caused by activities of organisms in food vacuoles. Goldstein (17) applied 
the enucleation technique to HeLa cells in culture and was unable to find 
any incorporation of tritium-cytidine into the RNA of enucleated cells, al- 
though nucleated cells actively incorporate this precursor. Nucleated Acanth- 
amoeba, an amoeba cultured aseptically, actively incorporates C™ orotic 
acid, C™ uracil, or C! adenine, while enucleated cells do not incorporate any 
of these precursors (143). While starvation conditions exist in the studies on 
A. proteus, the incorporation experiments on the HeLa cell and Acanthamoeba 
were performed in the presence of a complete synthetic medium capable of 
supporting growth and division, permitting a more realistic comparison be- 
tween the metabolic abilities of nucleated and enucleated cells. These results 
demonstrate that an Acanthamoeba or a HeLa cell cannot synthesize RNA 
in the absence of the nucleus and have been interpreted to mean that all 
nuclear and cytoplasmic RNA is synthesized by the nucleus. The situation 
is not quite so simple, however, since in the case of Acanthamoeba, at least, 
the extraction procedures used to remove any unincorporated precursors 
before autoradiography would also very likely remove the soluble RNA 
fraction of the cytoplasm. This point is of some importance, since it is the 
soluble RNA which has been implicated most often in the incorporation of 
precursors into cytoplasmic RNA. 

The soluble RNA fraction is apparently an important part of the ‘‘pH 
5 enzyme’”’ system for the activation of amino acids by the formation of 
amino acyl adenylates prior to their incorporation into proteins by the micro- 
somal particles (144 to 147). The activated amino acids are then bound to 
soluble RNA. According to Hecht et al. (148) this binding process requires 
a specific grouping of the RNA nucleotide chain. A terminal adenine nucleo- 
tide is preceded by two cytosine nucleotides, and all three nucleotides can 
be added to RNA reversibly. This would represent the incorporation of nu- 
cleotides into soluble RNA but could hardly be described as RNA synthesis. 

The activated amino acids attached to soluble RNA are apparently trans- 
ferred to microsome particles where peptide bonding takes place, but whether 
this also involves the conversion of soluble RNA to microsomal RNA is un- 
certain. Von der Decken & Hultin (149) have described the conversion, and 
Shigeura & Chargaff (150) found that incorporation of P® occurred first in 
the supernatant RNA, later in a deoxycholate-soluble RNA, and finally in 
microsomal RNA, perhaps indicating a stepwise transfer of soluble RNA 
into microsomal particles. Reid & Stevens (151) also have reported rapid 
initial labeling of soluble RNA. None of these studies bears directly upon the 
question of the cytoplasmic or nuclear synthesis of soluble RNA, although 
it appears that nucleotides can be added onto soluble RNA in the cytoplasm, 
perhaps in the course of binding of activated amino acids. 
Berg & Ofengand (152) reported that the RNA acceptor of activated 
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amino acids is species specific. Schweet et al. (153) and Smith e¢ al. (154) 
have obtained evidence that, in addition to a specific activating enzyme re- 
quirement, a specific soluble RNA molecule is required for the binding and 
transfer of each activated amino acid to microsomal particles. If the soluble 
RNA is not simply a non-specific binder and carrier of activated amino acids, 
this raises the question of the source of specificity for 20 or so different soluble 
RNA molecule types. Under such circumstances it is a reasonable hypothesis 
that the specific soluble RNA’s are supplied to the cytoplasm by the nucleus. 

A recent experiment of Stich & Plaut on Acetabularia (155) bears on the 
problem of RNA synthesis by the cytoplasm. Nucleated and enucleated cells 
were treated with RNase. Following such treatment, nucleated cells resumed 
growth, protein synthesis, and differentiation, but enucleated cells were com- 
pletely blocked in these activities. Enucleated Acetabularia are normally 
capable of growth, protein synthesis, and some differentiation. In a variation 
of this experiment (120), nucleated whole Aceiabularia were first exposed to 
RNase; and from zero to six days following treatment, cells were enucleated. 
The only enucleated cells exhibiting powers of recovery were those which 
were derived from nucleates which had been allowed at least 2.5 days in 
RNase-free medium. This result indica:es that only RNA synthesized in the 
nucleus, or formed under the direction of the nucleus, can sustain growth, 
protein synthesis, and differentiation. 

These studies are closely related to the many experiments of Hiimmerling 
and his co-workers on the direction of cytoplasmic processes by means of a 
“morphogenic substance”’ provided by the nucleus. In these experiments 
(156) it is clear that the nucleus does provide a substance to the cytoplasm 
which is essential for growth, protein synthesis, and differentiation. These 
latter activities can continue in enucleated Acetabularia until the nuclear 
substance present in the cytoplasm at the time of enucleation is exhausted 
or falls below a critical level. The studies of Clauss & Keck (157) and Him- 
merling et al. (158) demonstrate that the eventual failure of synthetic func- 
tions in enucleates is not ascribable to a deficiency in either products of 
photosynthesis or in energy in the form of both sugars and ATP. In view of 
the evidence that the nucleus supplies RNA to the cytoplasm and that such 
RNA may be acting as the essential intermediate carrier of genetic specificity, 
the suggestion of Errera & Vanderhaeghe (159) that the morphogenic sub- 
stance of Himmerling is RNA seems very likely. As pointed out by Errera & 
Vanderhaeghe, this conclusion receives support from the demonstration by 
Six (160) that the inhibition of morphogenesis with ultraviolet irradiation in 
Acetabularia is greater at 254 my than at higher wave lengths. Support for 
common identity of morphogenic substance and RNA is also provided by the 
RNase experiments of Stich & Plaut (155) and Stich (120) discussed above. 

Results of recent studies are in good agreement on the role of the nucleus 
in promoting the recovery of cytoplasm damaged by radiation. Employing 
the nuclear transplantation technique in amoeba, Iverson (161) found that 
injury to the cytoplasm by ultraviolet irradiation was reversed by replace- 
ment of the ultraviolet-t-eated nucleus with an unirradiated nucleus. Unir- 
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radiated cytoplasm not only failed to promote recovery of an irradiated 
nucleus but appeared to be injured by such a nucleus. These results are con- 
sistent with the previous report of Skreb & Errera (162) on amoeba that nu- 
cleated cells are less injured by ultraviolet irradiation than are enucleated 
cells. Bacq et al. (163) subjected enucleated and nucleated Acetabularia to 
x-rays and observed a reduced capacity for survival in enucleates. In addi- 
tion, the cytoplasmic regions farthest from the nucleus were more quickly 
affected than regions surrounding the nucleus. In experiments with alpha- 
particle irradiation of single cells and cell parts, Smith (164) concluded that 
irradiation of the cytoplasm alone has little effect. Exposure of the cytoplasm 
and nucleus together had effects similar to exposure of the nucleus alone. 
From their later studies, Errera et al. (165) concluded that the nucleus is not 
necessarily more sensitive than the cytoplasm to irradiation but, rather, 
that the nucleus has a greater opportunity for the expression of damage be- 
cause it regulates many essential, specific processes in the cell. The injurious 
effects of an irradiated nucleus on unirradiated cytoplasm, noted by Iverson 
(161), and the inhibition of mitosis in grasshopper embryonic cells by irradia- 
tion of one of the nucleoli (104) may be manifestations evoked by the transfer 
of damaged RNA from the nucleus to the cytoplasm. It is conceivable that 
the recovery of irradiated cytoplasm under the influence of an unirradiated 
nucleus might represent the replacement of damaged cytoplasmic RNA by 
undamaged RNA from the nucleus. 


PROTEIN IN NUCLEAR-CYTOPLASMIC INTERACTIONS 


It has been demonstrated that the nucleus can carry on some protein 
synthesis on its own (64, 72 to 74). Whether such nuclear protein contributes 
solely to intranuclear activities or whether it has an important and direct 
role in the mediation of nuclear-cytoplasmic interrelationships is still largely 
an unsettled question. Since RNA does not exist in the cell as free acid, but 
rather in combination with protein, any transfer of RNA from the nucleus 
to the cytoplasm is probably, in reality, RNA-protein transfer. With an ex- 
perimental design very similar to the one used to demonstrate RNA transfer 
to the cytoplasm in amoeba (100), Goldstein (72) has obtained evidence of 
passage of protein from the nucleus to the cytoplasm and back into the nu- 
cleus. A nucleus whose protein had been labeled with S* was grafted into a 
non-radioactive amoeba. Appreciable radioactivity was observed to leave 
the grafted nucleus and to appear mainly in the nucleus originally present 
in the host cell. Little labeling was detectable in the cytoplasm. The experi- 
ments included controls which strongly discounted the possibility that the 
S** moved from the nucleus to the cytoplasm in the form of free methionine 
or as part of other low-molecular-weight sulfur-containing compounds. 
Goldstein offered the explanation that the nucleus specific protein may con- 
stitute a carrier of RNA from nucleus to cytoplasm. Since the RNA does not 
move back into the nucleus (100) but the protein does, it is possible that 
protein is freed from RNA-protein in the cytoplasm and reaccumulated by 
the nucleus in a specific manner, for repeated participation in nuclear RNA- 
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protein construction and transfer. These experiments do not rule out the 
possibility that other proteins are synthesized by the nucleus and remain 
intranuclear or that proteins of the nucleus may migrate to the cytoplasm 
without an association with RNA. 


CYTOPLASMIC PROTEIN SYNTHESIS 


Chantrenne (73) has reviewed the subject of protein synthesis in enu- 
cleated cytoplasm and concluded that both the nucleus and the cytoplasm 
synthesize protein. The earlier evidence of protein synthesis in enucleated 
cytoplasm has recently been supplemented by observation of decreased, but 
nevertheless substantial, incorporation of amino acids into the non-nucleated 
cytoplasm of Mytilus eggs (166). There is no doubt that the nucleus is capable 
of protein synthesis (see above) but in most circumstances the cytoplasm is 
the major site. Protein synthesis in the cytoplasm, however, must be subject 
to indirect nuclear control [see (18)]. Brachet (18) has reviewed the majority 
of evidence dealing with effects of enucleation on the levels of a number of 
cytoplasmic enzymes. Keck & Claus (167) have recently contributed to the 
subject with their studies on invertase and acid phosphatase in enucleated 
Acetabularia. An appreciable increase of invertase activity occurs in enu- 
cleated cells, but acid phosphatase synthesis ceases shortly after enucleation. 
Such an immediate dependence of an enzyme, acid phosphatase in this case, 
on the presence of the nucleus does not prove or disprove the nuclear origin 
of the enzyme, since the dependence may be a reflection of some type of 
interinediate control. The apparent synthesis of invertase and certain other 
enzymes in enucleated cytoplasm suggests that nuclear influence over the 
quantity produced is remote. Keck & Claus found no correlation between the 
synthesis of enzymes and the total synthesis of protein in enucleated Acetab- 
ularia. 

There are two aspects to the problem of nuclear control of enzyme syn- 
thesis and activity in the cytoplasm. One form of control operates by the pro- 
vision of genetic information for protein specificity. If the information is 
delivered to the cytoplasm in the form of a template, the amount of enzyme 
formed could be a function of the amount of template provided. This intro- 
duces the additional problem of regulation of template production. The ex- 
tensive investigations of enzyme induction demonstrate, however, that the 
level of some enzymes is dependent upon the presence of specific substrate 
inducers. Metabolic activities of cells in culture are often observed to change 
under the influence of medium changes [e.g., more recently (168 to 171)]. 
Extrapolating from this type of information, it seems likely that the levels 
of many enzymes may fluctuate to a lesser or greater extent with varying 
metabolic and synthetic demands. The obliteration of nuclear-cytoplasmic 
interrelations by the removal of the nucleus from a cell certainly alters 
markedly the metabolism of the cytoplasm. The response of the cytoplasm to 
such changes probably involves readjustments in levels of many enzymes. 
Thus, the nucleus may maintain control over enzyme synthesis in the cyto- 
plasm not only through provision of specificity but also, in a very generalized 
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manner, through the maintenance of physiological states which are depend- 
ent upon nuclear-cytoplasmic interrelationships. 

Substantial evidence has continued to accumulate on the mechanisms of 
amino acid activation and subsequent incorporation into protein by the 
microsomal RNA-protein granules (147). The earlier demonstrations of 
activating enzymes for several amino acids in the ‘“‘pH 5 fraction’ of soluble 
protein have been expanded to include activating enzymes for all of the 
amino acids (172). A specific enzyme for each amino acid is believed to cata- 
lyze the formation of an amino acyl adenylate from ATP with the release of 
pyrophosphate. The activated amino acids are bound to soluble RNA, pos- 
sibly with a specific RNA molecule for each amino acid (153, 154), and are 
transferred to the microsomal RNA-protein particles in an unknown manner 
for peptide binding in specific sequences. The sequences are generally be- 
lieved to be governed in a template fashion by microsomal RNA or RNA- 
protein. The transfer of the amino acyl adenylate to the microsomal particles 
requires guanosine triphosphate (145, 146) or diphosphate (146). Novelli 
(173) has expressed some doubt that amino acyl adenylates are the true in- 
termediates, since the back reaction to ATP and free amino acid is non- 
specific with respect to the amino acids. The incorporation of amino acids 
requires, in any case, the RNA-protein particles in microsomal preparations 
but not the membrane components (174), which are apparently fragments 
of the endoplasmic reticulum (175, 176). 

Information on mechanisms and requisite conditions for the release of 
newly synthesized protein from the RNA-protein particles is meager. Rabin- 
ovitz & Olson (177) have briefly reported the transfer of radioactive leucine 
from microsomal RNA-protein of reticulocytes to soluble protein (hemo- 
globin). The transfer required the presence of the soluble fraction and phos- 
phoglycerate and was stimulated by ATP and Mgt*. There have been 
numerous demonstrations of the incorporation of amino acids into proteins of 
RNA-protein particles in vitro, but efforts to demonstrate the complete sys- 
tem with in vitro incorporation of amino acids into an enzyme or soluble 
protein have apparently been much less successful. Straub (5) observed an 
increase in amylase activity in incubated homogenates of pancreas, but the 
newly appearing enzyme did not contain any of the radioactive amino acid 
added to the homogenate. These and other experiments (4) on the in vitro 
incorporation of amino acids suggest that disruption of the cell interrupts 
the process of protein synthesis at some point between the incorporation of 
amino acids into peptide linkages and the final release of the finished protein 
from the RNA-protein particles. Both the incorporation of amino acids and 
the release of protein from the microsomal granules apparently continue 
independently for a time in vitro. 

The endoplasmic reticulum of membranes and vesicles is a particularly 
striking feature in tissues specialized for protein secretion. Its absence or 
marked reduction in proliferating cells (109, 178) precludes any generaliza- 
tion about the participation of these membranes in protein synthesis itself. 
The endoplasmic reticulum may co-ordinate biochemical processes (179), 
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perhaps by providing “diffusion channels’ which control distribution of cell 
materials (180). It is also possible that the structures function in the accumu- 
lation of products (181) into zymogen granules (182) and in extrusion of such 
granules from the cell (109). The endoplasmic reticulum is a dynamic system 
which undergoes alterations, diminution, and replenishment (109), probably 
in response to the demands of varying physiological states. Von der Decken & 
Hultin (183) have described a simultaneous decrease in glucose-6-phosphatase, 
an enzyme associated with the endoplasmic reticulum, and an increase in 
RNA in rat liver, 12 to 14 hr. following partial hepatectomy. From these ob- 
served changes, they postulate a shift in the proportion between the granular 
and lamellar elements of the ergastoplasm. The effects coincide with the 
shift from protein synthesis predominantly concerned with secretion to one 
which contributes to both secretion and cell proliferation. 

There is evidence that not all amino acid incorporation in the microsomal 
system occurs through amino acid activation by the ‘‘pH 5 fraction”’ of sol- 
uble enzymes. Beljanski & Ochoa (184) have described incorporation of 
amino acids by a highly purified enzyme preparation not belonging to the 
“pH 5 fraction’. The reaction depends upon an ADP-ATP exchange. Fol- 
lowing fractionation of microsomal particles, Cohn (185) found one fraction 
which incorporated amino acids but which was not stimulated by the “pH 5 
enzymes”’. 

Although there is general agreement that the major amount of amino acid 
incorporation occurs in association with the RNA-protein granules, incorpo- 
ration of labeled amino acids has been demonstrated in both isolated nuclei 
(see above) and isolated mitochondria (186, 187). It is conceivable that the 
amino acid activating enzymes of the “‘pH 5 fraction” of the cytoplasm are 
also present in the nucleus im vivo. Simpson et al. (186) observed C* leucine 
incorporation into liver mitochondria in vitro which could not be explained 
by microsomal contamination. Such incorporation may be governed by the 
small amount of mitochondrial RNA although, contrary to the effect on the 
microsomal system, the incorporation was not diminished but stimulated by 
RNase treatment. The position of the mitochondrial RNA may protect it 
from RNase attack. In Greengard’s experiments (187) the incorporation of 
C* leucine into mitochondria of rat liver took place independently of the 
soluble fraction of enzymes, although the latter were stimulatory. 

Since the initial studies of Ledoux on RNase treatment of living frog eggs, 
there have been numerous demonstrations that this enzyme is capable of 
entering living cells and of inhibiting the incorporation of amino acids into 
their proteins [(18) and more recently (188 to 194)]. Ribonuclease induces 
pinocytosis at least in some cells, and this is probably the means by which it 
enters cells generally. 

The manner in which RNase accomplishes its inhibitory action on protein 
synthesis is an unsettled question. There is general agreement from early 
experiments (18) that RNase does not exert its effects by acting as a basic 
protein. This is substantiated by the recent investigations of Jeener (189) 
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and Hultin et al. (192). The latter authors found that R Nase was immediately 
effective in almost completely inhibiting incorporation of C leucine into 
liver proteins in vitro; other basic proteins such as cytochrome-c, lysozyme, 
clupein, and a basic sperm protein were effective to a much weaker degree. 

There have been some reports of RNA breakdown in living cells during 
RNase treatment (18, 191), but a striking inhibition of protein synthesis, 
cell growth, and division by the enzyme also occurs without any loss of RNA 
from cells (111, 195). 

Ledoux & Baltus (195) and Ledoux & Vanderhaeghe (194) have pre- 
sented evidence that RNase produces its effects by initiating the synthesis of 
abnormal RNA. Ledoux & Vanderhaeghe observed an increase in the in- 
corporation rates of uracil and cytosine with no effect on adenine or guanine 
incorporation rates in tumor tissues subjected to RNase treatment. During 
this initial effect, protein metabolism appeared to be undisturbed. Confirma- 
tion of the results is given in a subsequent paper by Pileri et al. (193). The 
elevated incorporation of pyrimidines in the absence of increased purine 
utilization is indicative of the formation of an abnormal RNA which may 
induce the formation of abnormal proteins (194) or, by other means, upset 
cell metabolism. Hanson (196) has reported that pancreatic RNase impairs 
oxidative phosphorylation by mitochondria derived from both plant and 
animal tissues. The R Nase treatment of tissues resulted in an increase in the 
amount of mitochondrial material that could subsequently be recovered. The 
RNA content of the mitochondria was decreased, and an increase in acid- 
soluble nucleotides was observed. The various effects of RNase treatment 
make the formulation of any completely satisfactory generalization difficult, 
but the numerous observations are consistent with respect to the inhibition 
of amino acid incorporation in vivo and in vitro. 

The many diverse contributions of the last two years to the study of cell 
function have consistently indicated a major role of RNA in the mediation of 
nuclear-cytoplasmic interactions. The proven ability of RNA to act as a 
carrier of genetic information in viruses, its synthesis by the cell nucleus and 
its transport into the cytoplasm, and the involvement of RNA in protein 
synthesis are perhaps the main points in favor of the thesis that this mole- 
cule provides the means by which the nucleus directs cytoplasmic processes. 
It must be accepted that the nucleus synthesizes RNA, but whether RNA 
synthesis takes place in the cytoplasm cannot be decided on the basis of the 
experimental data thus far available. The evidence that the nucleus makes 
contributions to the physiology of the cell beyond the provision of genetic 
templates is limited. Many observations on nuclear-cytoplasmic interrela- 
tionships, such as, for example, interspecific transplantation studies, cannot 
be explained satis‘ ictorily on the basis of provision of energy and precursors 
to the nucleus by the cytoplasm and the release of RNA to the cytoplasm. 
The demonstration of an apparent passage of certain proteins from the nu- 
cleus into the cytoplasm and back jato the nucleus may lead to important 
and new insights into the complexities of nuclear-cytoplasmic interaction. 
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PHYSIOLOGICAL ASPECTS OF GENETICS'” 


By G. W. BEADLE 
Division of Biology, California Institute of Technology, Pasadena, California 


In its concern with the physical, chemical, and biological nature of the 
specifications which living systems transmit from one generation to the next, 
genetics has come to play a central role in modern biology. Progress is being 
made so rapidly that it is almost impossible for a single individual to keep 
abreast of advances on all fronts. This review is prepared for physiologists 
and others who are not primarily specialists in genetics. It will attempt to 
survey in a general way some of the advances that seem to the author to be 
of particular interest and importance. In no sense will it cover all of signifi- 
cance in genetics that has happened in the three years since the preparation 
of the previous review of genetics for this series (1). Fortunately a number 
of excellent summaries of progress in particular branches of genetics have 
recently appeared or are in preparation. These, rather than more technical 
papers, will often be cited as convenient sources of additional information. 
Pontecorvo’s Jesup Lectures (2) provide an excellent survey of newer ap- 
proaches to genetic analysis. Ravin (3) and Wheeler (4) have recently re- 
viewed work on the genetics of bacteria and fungi, and Levinthal has sur- 
veyed the general situation, especially for physicists and other non-geneticists 
(5). Fincham (6) has in press a summary of the genetics of enzyme activity. 

It is widely believed that the primary genetic material in tobacco mosaic 
and other viruses of similar composition is ribonucleic acid (RNA) and that 
in other viruses and all cellular organisms it consists of deoxyribonucleic 
acid (DNA). The most direct evidence that these are correct interpretations 
is found in the observations that the protein of tobacco mosaic virus can be 
completely removed and discarded without destroying infectivity (7, 8), that 
bacteria can be genetically transformed with pure DNA from related but 
genetically different bacteria (9), and that in isotopically labeled bacterio- 
phages only DNA is carried over from one generation to the next (10). 

The evidence is strong that, with some exceptions, genetic DNA occurs 
in the form of Watson-Crick double polynucleotide helices, in which the 
chains are oppositely oriented and in which nucleotides are specifically paired 


1 No attempt is made to cover the entire literature of the subject nor is this review 
confined to the literature of any fixed period. The practice of referring to review 
articles or to only the most recent of several papers on a given subject necessarily 
means proper credit for facts and ideas will often not be given. More documentation 
will be found in papers cited and these should be referred to by readers interested in 
more than a general survey of the areas covered. 

2 The author is grateful to Mr. Robert W. Hedges, who helped with the litera- 
ture survey on which this review is based, and to colleagues and friends who have 
generously allowed him to see manuscripts of papers in press. 
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through hydrogen bonding between complementary bases, adenine with 
thymine and cytosine with guanine (11). Sequences of nucleotides are be- 
lieved to be responsible for the genetic specifications of RNA and DNA. 

These assumptions provide a background for examining possible answers 
to four questions: (2) By what mechanisms are nucleic acids replicated? (6) 
How are the specifications of nucleic acids used in development and function? 
(c) What is the molecular basis of mutation? (d) What is the coding system 
by which nucleic acids carry genetic information? 

Because an understanding of recently discovered features of the life cycles 
of bacteria and bacteriophages is essential to a proper appreciation of the 
ways in which these organisms have been used in attempts to answer ques- 
tions like the above, brief accounts of bacterial conjugation, lysogeny, and 
transduction are given below. 


BACTERIAL CONJUGATION 


In addition to their well-known advantages of easy culture, small size, 
and rapid reproduction, some bacteria possess novel mechanisms for ex- 
changing and recombining genetic material. One of these is Escherichia coli, 
in which conjugation was discovered in 1946 by Lederberg & Tatum (12). 
It is a remarkable process, the understanding of which has involved the 
efforts of many investigators (13, 14). 

There are donor and recipient strains of E. colt. Individual cells usually 
contain two, three, or perhaps more nuclei, each of which includes a single 
chromosome, and ordinarily all nuclei are genetically identical. Under suit- 
able conditions donor and recipient cells conjugate pairwise. A delicate con- 
jugation tube forms between the partners. Through this the chromosome of 
one nucleus of the donor cell migrates always ‘‘head” first, in a manner much 
like a rope being pushed or pulled from one box to another through a short 
connecting pipe. The migration is slow, requiring some 2 hrs. for completion. 
During this interval, the partners often break apart, with the result that 
only a part of the donor chromosome enters the recipient. 

Whatever the length of the donated chromosome segment, it is capable of 
genetic recombination with a chromosome of the recipient, perhaps by a proc- 
ess like crossing over in higher organisms. If the transferred donor chromo- 
some or a segment of it differs genetically from its counterparts in the re- 
cipient, genetic modification will result from incorporation. 

In subsequent cell divisions of the recipient, the modified nucleus will be 
segregated from its unmodified sisters. Odd fragments of chromosomes left 
over in the process will be eliminated, probably in inviable or slowing grow- 
ing segregant cells (15). 

This amazing process makes it possible to determine gene order in bacte- 
rial chromosomes in at least three ways. With several gene differences be- 
tween recipient and donor, linear arrangement of genes can be inferred in the 
usual way from relative recombination frequencies. Artificial interruption 
of the mating process, e.g. in a Waring blender, at known times, reveals the 
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order and spacing of genes from head to tail with remarkable precision. The 
third method, breakage of the donor chromosome by disintegration of in- 
corporated P**, will be discussed later. Results of the three methods agree. 

Sequence of entrance marker genes and position of the head vary among 
different donor strains as though all were derived from a single ancestral 
form in which the genes have fixed positions in a ring chromosome. The ring 
appears to be opened in various positions to give rods, with one of the broken 
ends becoming the head. It has been suggested that a special kind of “‘epi- 
some” attaches to the ring chromosome resulting in an adjacent break with 
the end on which the episome remains, becoming the tail (16). 





LYSOGENY AND TRANSDUCTION 


Bacteria often carry latent phages that are only occasionally released as 
particles capable of reinfecting sensitive cells. Phages of this type were not, 
however, fully appreciated, either as regards their general biological signifi- 
cance or their usefulness as experimental material, until about a decade ago 
when Lwoff took an active interest in them and with his colleagues succeeded 
in showing that some strains of lysogenic bacteria can be induced by radia- 
tion or otherwise to convert their prophages into vegetative phages which 
then multiply and complete a lytic cycle (17). Unlike virulent phages, tem- 
perate phages released from synchrony with their hosts are able to lysogenize 
sensitive bacteria as well as lyse them, these alternatives being to a consider- 
able extent dependent on conditions of culture of host bacteria. 

More than a dozen temperate phages have been studied in E. coli, some 
inducible, others not (18, 19). In its prophage state the total DNA of a tem- 
perate phage becomes attached to a bacterial chromosome, one per chromo- 
some, at a particular locus. The attachment is probably not by replacement 
of bacterial DNA or by insertion. The various temperate phages are differ- 
entiated by their specific positions of attachment to the bacterial chromo- 
some as prophages, these being determinable by the methods described above 
for locating bacterial genes and by the fact that each in its prophage state 
inhibits vegetative multiplication of homologous phages but not of others. 
The DNA of a temperate phage can be shown to be made up of segments 
which determine such properties as ability to lysogenize (i.e. virulence vs. 
non-virulence), degree of virulence, position of attachment as prophages, and 
ability to carry out the several synthetic processes involved in conversion to 
infectious particles following induction. 

In addition to immunizing its host against vegetative multiplication of 
homologous phages, presence of a prophage may alter the properties of the 
host in other ways—antigenically, in toxin production, and in enzyme syn- 
thesis. There are several excellent recent reviews of lysogeny, of the genetics 
of temperate phages, and of phage genetics in general in which additional in- 
formation and documentation can be found (20 to 24). 

Another important property of some temperate phages, discovered by 
Zinder & Lederberg (25), is their ability to transport small segments of bac- 
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terial DNA from the cells in which they mature to the cells they subsequently 
lysogenize. The bacterial DNA so carried is capable of replacing homologous 
DNA of the recipient cell and thus bringing about genetic change. Although 
this may occur in only one in a million cells for a given gene, the frequency 
can be measured under conditions in which only changed cells multiply. 

Since the DNA segments so transferred are small relative to the total 
bacteriai DNA and since a single phage apparently seldom carries more than 
one segment, it follows that if two genetic markers are found to be trans- 
ferred together with any appreciable frequency (‘‘co-transduction’’), they 
must be closely linked. If three markers closely linked in the order abc are 
being followed, replacement of a single segment of DNA of the recipient can 
lead to incorporation of any one of the following combinations of markers: 
a, c, ad, bc, or abc. But incorporation of ac without b cannot be accomplished 
by replacement of a single continuous segment and will therefore occur with 
a very much lower frequency. Hence, by measuring the relative frequencies 
of the above six possibilities on selective media, the linear order and relative 
spacing of the three markers can be determined. Especially in the hands of 
Demerec and his co-workers (26), this method of genetic analysis has proved 
to be a powerful one. 


BEADLE 


REPLICATION OF DNA 


The Watson-Crick structure immediately suggested to its authors that 
replication might be accomplished by separation of paired nucleotide chains, 
with each chain remaining intact and serving as a kind of template against 
which new complementary partners were built. In contrast to this ‘‘semi- 
conservative’ scheme, two other possibilities have been considered, a ‘‘dis- 
persive’’ one in which segments from old and new chains are assumed to be- 
come intermixed and a fully ‘“‘conservative’’ one in which double helices are 
postulated to serve directly as templates for synthesis ot ribonucleoprotein 
molecules which in turn direct synthesis of wholly new double DNA chains 
(21). 

Severa! ways of following isotopically labeled DNA during replication 
have been employed to determine the manner in which replication actually 
occurs. The star method of Levinthal (27) consists in following P*-labeled 
DNA from parent to offspring phage particles by imbedding them in a 
“nuclear” emulsion and determining the distribution of label by observing 
ion tracks originating from single phages. This suggests that about 40 per 
cent of the DNA of a phage gives the distribution expected on the semicon- 
servative model, the remainder being dispersed. The P*® “‘suicide’”’ method of 
‘following DNA in phage multiplication indicates that a somewhat smaller 
fraction is conserved but does not clearly distinguish between the fully con- 
servative and semiconservative schemes (28). 

A third method involves labeling DNA with N". By the density-gradient 
method, DNA fully labeled with N* can be cleanly separated from N'4* DNA. 
At the same time its amount, density, molecular weight, and homogeneity 
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can be measured. Starting with bacteria in which substantially all DNA was 
fully labeled with N™, Meselson & Stahl (29, 30) observed that after doubling 
of the population in an N'4 medium—i.e., one generation—all DNA molecules 
(mol.wt. ca. 710°) were intermediate in density between N“ and N" con- 
trols. As seen in Figure 1, this is the result expected on the original semicon- 
servative model of Watson & Crick. After two generations in light medium, 
half the molecules were found to be light and half intermediate. A third- 
generation population contained the predicted three-fourths light and one- 
fourth intermediate molecules. 
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Fic. 1. Representation of DNA replication. A, T, C, and G represent adenine, 
thymine, cytosine, and guanine nucleotides respectively. Arrows indicate polarity as 
determined by 3-5 sugar linkages. Original parental chains shown in bold face type; 
new chains in light face. If only original chains labeled, molecules of first generation 
will be hybrid, those of second generation half hybrid and half unlabeled. 


First-generation DNA of intermediate density treated with strong sodium 
chloride for several minutes at 100°C. separated into heavy and light units of 
approximately half the molecular weight of the untreated material. These 
were presumed but not rigorously proved to be single chains. 

The results of following N' labels are beautifully consistent with the 
original Watson-Crick hypothesis of DNA replication. Although it is not 
easy to see how they could be accounted for by a different mechanism, this 
possibility must be kept in mind. 

A spectacularly successful approach to the problem of DNA replication 
has been made by the Kornberg team (31 to 33). This group has succeeded 
in devising a system in which DNA multiplication occurs im vitro in a rela- 
tively simple solution containing adenine, thymine, cytosine, and guanine 
nucleoside triphosphates; a polymerizing enzyme from E. coli; magnesium 
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ions; a suitable buffer; and a DNA primer. All four nucleosides must be pres- 
ent. The ratio of adenine plus thymine to cytosine plus guanine nucleotides 
of the product is like that of the primer and thus is not dependent on the 
relative concentrations of nucleosides reactants (32). 

Unfortunately the synthesis does not go on indefinitely. After an increase 
of tenfold or so, net synthesis ceases. This is believed to result from DNase 
as an impurity in the polymerizing enzyme. Breakdown of DNA in this way 
would account for the fact that so far no biologically active product has been 
demonstrated when DNA with transforming activity is used as a primer. 
With DNA primer, synthesis begins at once and reaches a maximum amount 
of product in two or three hours. Without primer, essentially no synthesis 
occurs during the first three hours but, as reported by Lehman et al. (32), 
there then occurs synthesis of a spontaneously formed double-chain co- 
polymer made up exclusively of adenine and thymine nucleotides, each chain 
containing both adenine and thymine nucleotides. If this spontaneously- 
formed copolymer is used as a primer in a new system containing all four 
nucleotides, synthesis of more adenine-thymine copolymer begins without 
lag. The product, like the primer, contains only adenine and thymine nucleo- 
tides. 

The combined Meselson-Stahl and Lehman etal. results constitute a strong 
case for direct replication of DNA according to the original Watson-Crick 
hypothesis and without obligatory intervention of RNA or protein corre- 
sponding in specificity to the DNA being replicated. It is of course possible 
that the in vitro and in vivo mechanisms differ in significant respects, but it 
would be strange indeed if there were two fundamentally different ways of 
accomplishing this remarkable end result. 

The spontaneous appearance of the adenine-thymine copolymer in the 
relatively simple Kornberg system—a copolymer that presumably can un- 
dergo mutation to form a true DNA—lends considerable credence to the 
hypothesis that such molecules played a decisive role in the earliest stages of 
organic evolution (34). 

It has recently been reported that the DNA of the two small phages S13 
and $X174 is probably in the form of single polynucleotide chains consisting 
of only about 5500 nucleotides (35, 36). This conclusion is based on studies of 
physical properties, P* inactivation, and nucleotide ratios. How is such DNA 
replicated? The answer is not known. If it is by the Watson-Crick mechanism, 
there must be some remarkable way of discarding one chain of a comple- 
mentary pair—and always the same one. If not, one wonders if it and RNA 
might be multiplied in similar ways. 


REPLICATION OF RNA 


There can be no doubt that RNA of tobacco mosaic virus is capable of 
both carrying genetic specification and being replicated. The RNA core of a 
virus rod is by itself capable of transmitting to a host cell all the information 
needed to produce more viral RNA as well as coats of the same protein spec- 
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ificity as that of the intact virus particles from which the RNA was prepared 
(7, 8). 

Is tobacco mosaic virus RNA replicated by some direct method like that 
postulated for DNA, or in an indirect manner with DNA or protein, or both, 
serving as intermediaries or collaborators (21, 37)? Direct replication of the 
cytoplasmic RNA’s of cellular forms apparently does not occur, for if it did, 
the result should be a readily detectable system of cytoplasmic genes. Fur- 
thermore, it has been shown that whereas P® decay in bacterial DNA pro- 
duces lethal mutations, the same result is not observed as a result of the decay 
of this isotope incorporated in RNA (28). It therefore seems likely either that 
RNA in general does not replicate like DNA or that the RNA of tobacco 
mosaic virus differs in its replicative potentialities from that of cellular forms. 

The structure of RNA is not known in the same detail as that of DNA 
(38). It appears not to form stable double helices in vivo. However, like DNA, 
it is synthesized in vitro in a system containing appropriate ribonucleoside 
di- or triphosphates and a polymerizing enzyme, and otherwise much like 
that in which DNA is replicated (39, 40). This synthesis appears to differ 
importantly from that of DNA. Polymers of a single nucleotide are synthe- 
sized if only a single nucleoside precursor is provided. No primer is necessary 
and although the source of the enzyme and the primer, if the latter is added, 
appear somehow to influence the composition of the product, there is con- 
siderable doubt as to whether this system is capable of synthesizing biologi- 
cally specific RNA. 


REPLICATION OF CHROMOSOMES 


The chromosomes of the protista, metazoa, and multicellular plants are 
orders of magnitudes larger than Watson-Crick helices, the former being 
readily visible in the light microscope while the latter are only about 20 A 
in diameter. There is likewise very much more DNA per unit length of a 
single chromosome strand than could be accounted for by a single longitudi- 
nally oriented DNA double helix. The genetic observation that a first or 
second cell-generation descendant of a chromosome in which a gene mutation 
has been induced often carries only mutant genes makes it highly unlikely 
that the chromosome contains a bundle of many genetically homologous 
DNA helices. 

Possible chromosome structures have been reduced in number by deter- 
mining the distribution of isotopically labeled DNA during chromosome 
replication. Taylor and collaborators (41 to 43) have used the following 
technique: plant root tips are allowed to take up tritium-labeled thymidine 
over a short period so that newly synthesized DNA of replicating chromo- 
somes is labeled. Daughter chromosomes produced in such cells are labeled 
throughout their lengths as shown by autoradiography. In the next chromo- 
some generation during which no label is present, the two sister chromo- 
somes, derived from a labeled parent, differ in their labeling. If one daughter 
is labeled throughout its length, the sister will be unlabeled. On the other 
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hand, if one daughter is labeled over part of its length the other will be un- 
labeled in the homologous segment. The second situation, reciprocal labeling 
of segments of sister chromosomes in the second division cycle, is presumed 
to result from crossing over between sister chromosomes. This would not be 
detected in the first division cycle, for both units of both chromosomes are 
involved in the exchange. The pattern of such sister chromosome exchanges 
indicates that the two units of a chromosome are not identical. The result is 
as though they differed in the same sense in which the two chains of a DNA 
helix differ in the orientations of their sugar-phosphate linkages. 

In the hands of some investigators, labeling experiments of this type have 
not given such apparently clear-cut results (44). Since the systematic and 
regular distribution described above has been observed in three distantly 
related species of plants, it is difficult to believe that experimental errors 














Fic. 2. Chromosome structure according to Freese. At left, folded DNA double 
chains (antiparallel arrows) and protein interconnections (rectangles); center, in 
linear arrangement; at right, parental chains separated and new daughter comple- 
ments being formed. Polarity of DNA chains indicated by arrows. 


should have conspired in all cases to give the regularity (45). The reviewer 
therefore considers it highly probable that the facts are substantially as indi- 
cated in Figure 1. 

What is the structure of a chromosome element that permits it to carry 
so much DNA and yet behave like a single Watson-Crick DNA chain, both 
genetically and in the clean separation of old and new DNA in its next cycle 
of replication? Freese (46) has proposed a model that appears to meet the 
specifications. This assumes alternating segments of DNA helices and non- 
DNA connecting units that may well be protein. The DNA is presumably 
folded accordion-fashion in the chromosome (Fig. 2). Each DNA segment 
presumably corresponds to a bacterial DNA molecule as investigated by 
Meselson & Stahl (29). 

Zubay & Doty (47) have examined deoxyribonucleic acid from calf- 
thymus nuclei extracted in what is believed to be its native state. The molec- 
ular weight is about 18.5 X 10°, approximately twice that of the DNA alone 
or of bacterial DNA as determined by Meselson & Stahl. The structure ap- 
pears to be that of a Watson-Crick double helix with histone occupying the 
wide groove. It would seem probable, therefore, that if the Freese model is 
substantially correct, the DNA segments are DNA plus protein. 
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GENES AND PROTEINS 

The concept that genes determine the properties of proteins had its be- 
ginnings soon after the rediscovery of Mendel’s paper in the work of Garrod 
(48) and others. It is of interest to note that it has taken geneticists, bio- 
chemists, and physiologists almost half a century to appreciate fully Garrod’s 
interpretations, and it was not until 1958 that the six enzymes involved in 
the pathway by which phenylalanine and tyrosine are metabolized via homo- 
gentisic acid were identified and homogentisic acid oxidase activity shown to 
be absent in an alkaptonuric activity (49). 

The concept that enzyme specificity is somehow genetically determined 
is now so widely accepted that additional examples are of interest not so 
much per se but mainly if they add to our understanding of the relation be- 
tween gene and enzyme, if they can be used advantageously as genetic 
markers, or if they serve the biochemist as alkaptonuria served Garrod in 
working out the chemistry of metabolism. In the latter connection, Vogel & 
Bonner (50) have prepared a most useful summary of the methods and ac- 
complishments of using mutant types of microorganisms in elucidating the 
pathways by which vitamins and amino acids are synthesized and metabo- 
lized. 

Genetic determination of enzyme specificity is of course one aspect of the 
more general problem of protein synthesis. What is the role of genetic ma- 
terial in this process? In the case of nucleoproteins of viruses and chromo- 
somes it is not unreasonable to assume that genetic nucleic acids serve di- 
rectly as templates to specify sequences of amino acids (47, 51). Although in 
the cellular forms in which protein synthesis occurs extensively in the cyto- 
plasm the transfer of specificity must be less direct, there are now known so 
many instances in which properties of proteins of various kinds are subject to 
genetic modification that one can generalize with confidence that such trans- 
fer does occur for all biologically significant proteins. 

Even had it not been done adequately elsewhere (52 to 54), it would not 
be appropriate or feasible to review here the detailed evidence on which are 
based current views of cytoplasmic protein synthesis. In brief summary, it is 
assumed that specific segments of nuclear DNA—genes by the definition 
followed in this review—transfer specificity to RNA, possibly by serving as 
templates in directing its synthesis (38, 55). RNA molecules made in this 
way are believed to migrate from the nucleus to the microsomes of the cyto- 
plasm (56). 

In microsomes, each of which may carry sufficient RNA to specify-only a 
single protein, the RNA is postulated to serve as a final template in ordering 
the amino acids previously activated and attached to segments of ‘‘soluble’”’ 
RNA. One of the many important unanswered questions about the cycle of 
synthesis in microsomes is whether there is a specific soluble RNA for each 
amino acid, obviously a question of basic importance from a genetic point of 
view (57 to 59). 
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The concept that, aside from self-direction in replication, genes have 
single primary functions and that these often consist in the control of specifi- 
city of proteins has developed gradually over a period of several decades 
(6, 60). The observations on which it was originally based were mainly of 
two kinds. (2) Mutant genes of independent origins associated with a single 
easily definable function—such as a biochemical reaction, activity of an en- 
zyme, or other specific properties of a protein—were found to be allelic in 
many instances. (b) The deleic:ious results of many gene mutations were 
found to be essentially corrected by supplying the organism with a single 
metabolite. It is obvious that decisive evidence for or against this concept 
must come from detailed descriptions of the genes themselves and of the pro- 
teins or other macromolecules whose specificity they determine. It is an 
encouraging fact that just such evidence is now being obtained by a number 
of groups of investigators (5). The conclusions toward which these efforts 
point can perhaps best be indicated by briefly reviewing specific areas of 
investigation. 

Genetic fine structure in bacteriophages——The concept of genetic material 
as a series of linear templates of nucleic acid—the nucleotide sequences of 
which provide specificities transferable to other linear molecules, like pro- 
teins—predicts that there should be many mutational sites within each such 
template. Although there were indications that this might be so for certain 
loci in maize, Drosophila, Aspergillus, Neurospora, and other organisms (2), 
it was Benzer’s investigation of the rII locus of T4 phage that most clearly 
demonstrated by genetic means the existence of the predicted internal struc- 
ture of a single genetic unit (61, 62). 

Benzer investigated a group of some 280 mutants alike in host range and 
plaque-type properties. Except for a few unsuitable for investigation, all 
were found to be located within a region of the phage-linkage map a few 
recombination units long. With especially devised techniques of measuring 
very low frequencies of recombination, it was shown that recombinations 
were in fact obtained for many pairs of mutants within the group and that 
the relative frequencies of these permit the construction of a linear map within 
the rII locus. Some mutant types behaved as though they were deletions of 
substantial segments of the locus. 

By infecting suitable single bacterial cells simultaneously with two rll 
mutants of independent occurrence, it could be determined whether their 
defects were complementary in the sense that the two together could com- 
plete development in a host in which separately neither could do so. By this 
test all mutants investigated could be assigned to one of two subgroups. By 
mapping techniques, all of those within one subgroup were located in a con- 
tinuous segment while all those in the second subgroup were found to lie in 
an adjacent but separate subgroup. 

The genetic unit within which no two mutants show functional comple- 
mentation in a diploid, a heterocaryon (two or more nuclei of different genetic 
types within a common cytoplasm—two in a simple test for complementa- 
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tion), or in double infections in the case of viruses would be defined as a gene 
by some geneticists. Benzer proposed that the more precisely defined term 
“cistron”’ be used for such a unit. It will be seen later that the operational 
definition of a cistron is not always as simple as it is for rll mutants of T4 
phage. 

Leaving aside terminology, it is clear that the genetic properties of rII 
mutants are beautifully consistent with the DNA concept. It is unfortunate 
that the rII system has not so far proved favorable for a chemical study of 
the products of gene action. 

It was soon shown that multiple mutant sites within single functional 
units of genetic material were not limited to viruses. The yeast Schizosac- 
charomyces pombe, for example, shows a similar multiple structure for a gene 
concerned with adenine synthesis (63). Other examples are discussed below. 

Genetics of Salmonella.—Analysis of the genetic apparatus of the bacteria 
Salmonella typhimurium by the transduction technique shows that in this 
organism, too, individual units of genetic material with discrete functions 
possess many mutational sites and that within each unit these are linearly 
arranged (26, 64 to 66). The fact that in general all mutant changes leading 
to defects in a specific biosynthetic reaction are found to lie within a single 
small segment of the genetic map is in agreement with the hypothesis that 
the total specificity of a given enzyme is determined by a single DNA seg- 
ment. 

In a number of instances in Salmonella, genes concerned with successive 
steps in the biosynthesis of required metabolite are found to be closely linked 
and to lie in a sequence that corresponds precisely with the sequence of steps 
in the biosynthetic pathway. Why this should be so is not clear. Jacob (16) 
has suggested that there might be a selective advantage in a system in which 
all steps in a sequence can be regulated together and that this may often be 
accomplished by an episomal repressor of some sort. 

Hemoglobin.—In contrast to the above mentioned investigations on 
phage and Salmonella which demonstrate fine structure in the genetic ma- 
terial but not that of the presumed protein products of gene action, the 
hemoglobins of higher animals, especially of man, represent systems in which 
the fine structure of the product of gene action is more amenable to investi- 
gation than is the genetic material itself. 

There are now known at least ten genetically differentiated molecular 
species of hemoglobin (67). Each differs in electrophoretic mobility from 
normal adult (A) hemoglobin. Normal A-hemoglobin molecules are made up 
of two pairs of polypeptide chains called @ and 8, the partners of which are 
identical, and four heme groups. As Ingram has shown (68), S hemoglobin 
differs from A in that valine replaces a particular glutamic acid unit in each 
of the 8 chains. In C hemoglobin, lysine is similarly substituted for this same 
glutamic acid unit of the 8 chains (69). The genes that differentiate S hemo- 
globin from A and C from A are allelic, each presumably differing from the 
normal counterpart in sequence of nucleotides. 
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It is known that under mildly acidic conditions hemoglobin molecules 
reversibly dissociate to give two subunits of approximately equal size. Re- 
cently it has been shown in three separate ways by Itano and others (70 to 
72) that this dissociation is asymmetric. The two @ chains separate as one 
unit from the pair of 8 chains. Two of these proofs involve the formation of 
“hybrid” molecules, the a and 8 halves of which come from different original 
molecules.,Thus S hemoglobin, which differs from A in the 8 chain, and J 
hemoglobin, which differs from A in the a chain (73), form two recombinant 
molecules when mixtures of them are dissociated and reassociated; one re- 
combinant is identical with A hemoglobin and one has the defects of both S 
and J (72). 

The quadripartite and dissociable nature of hemoglobin molecules raises 
several questions of genetic significance (67, 72, 74). Does a single continuous 
segment of DNA specify both a and 8 polypeptide chains? The answer seems 
to be no, as individuals heterozygous for two hemoglobin defects, Ho-2 and S 
(the first presumed to be in the a chain and the second in the 8 chain) who 
marry normal spouses, have children of three kinds with respect to their 
hemoglobin types (75). Their hemoglobins are: A plus Ho-2; A plus S; and A 
plus Ho-2 plus S. If the genes for the two defects were allelic, only the first 
two types would be expected. With two freely recombining genes, four types 
would be expected: those given above and, in addition, a class with only A 
hemoglobin. Absence of this class may well be attributable to small sample 
size, for only 15 offspring from marriages of the indicated type have so far 
been observed. 

The fact that individuals heterozygous for genes responsible for defects 
in both the a and 6 chains have normal hemoglobin (75) presumably means 
that the a and 8 chains are separately synthesized and thereafter combined 
in the four combinations: aa8B, aaB’B’, a’a’BB, and a’a’B’B’ where a’ and p’ 
designate defective a and 8 polypeptide chains. The a’a’B’B’ type has not 
been identified electrophoretically in doubly heterozygous individuals, which 
as Itano points out (74) may mean that the changes in net charge produced 
by the two defects are equal and of opposite sign as in hemoglobins C and J 
(72). If this were so, a’a’B’B’ would not be different in mobility from aaGf. 

Since in single-gene-pair heterozygotes such as those for S and A hemo- 
globins, only aa8B and aaB’B’ molecules are present, never aaGP’ (67), it 
must be that the 8 chains are formed in pairs at the site of synthesis and 
thereafter remain associated. This must also be true for the @ chains. This 
would further imply only one RNA template of a kind per microsome, for it 
is not easy to see how, otherwise, hybrid chain-pairs could be avoided. 

Tryptophan synthetase—The normal in vivo terminal reaction of trypto- 
phan synthesis in microorganisms is believed to be: 


Indole glycerol phosphate + 1 serine — L tryptophan + triose phosphate 


catalyzed by the enzyme tryptophan synthetase. Many mutants of Neuro- 
spora crassa and E. coli in which this enzyme is inactive or altered have been 
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investigated. Crawford & Yanofsky (76) have shown that in E. coli this en- 
zyme is dissociable into two protein components A and B which separately 
have little activity in catalyzing the above reaction but which show restored 
activity when mixed. In investigations of the genetic, enzymatic, and im- 
munological characteristics of this system (77), 13 mutant strains of E. coli 
have been classified into the following groups: three mutants in which both 
A and B components of the enzyme are inactive or absent and in which no 
protein immunologically related to either A or B is found; four in which no 
active component A is demonstrable, but in two of which a protein immuno- 
logically related to A is found; six in which no active component B is found 
but in three of which a protein related to B is demonstrable by immunological 
techniques. All mutants of the second two classes, i.e., those in which either 
A or B components are inactive, have active B and A components respec- 
tively and are capable of reverse mutation. They are therefore judged not to 
be the result of deletions of appreciable segments of genetic material, as is 
believed to be the case for the mutants of the first class. 

Genetic mapping of the single-component mutants by the co-transduc- 
tion technique reveals that the mutational sites involved in A-component 
mutants fall within a small region of the map and appear to be linearly ar- 
ranged. The mutational sites of the B mutants are likewise all closely linked 
and they too seem to be linearly disposed. The two segments of genetic ma- 
terial corresponding to A and B mutants are adjacent to each other but not 
overlapping. 

The agreement of these observations with the hypothesis that a linear 
gene code is responsible for the linear arrangement of amino acids in a poly- 
peptide chain is obvious. The progress already made with this system is so 
encouraging that one can reasonably hope soon to see a comparison of posi- 
tions of amino acid sequences in the protein components with the genetic map 
of mutational sites. 

Adenylosuccinase.—The splitting of adenosine monophosphate succinate 
to form adenine and fumaric acid is catalyzed by the enzyme adenylosuc- 
cinase. The activity of this enzyme is readily measured in vitro down to a 
level of about 1 per cent of its normal activity. Its specificity for a second 
natural substrate, 5-amino-4-imidazole-(N-succinylo-carboxamide) ribotide, 
which is an earlier intermediate in adenine synthesis, is easily compared with 
that for adenosine monophosphate succinate. For these and other reasons 
the details of its genetical control have been investigated, especially in the 
laboratory of Giles (78, 79). 


Of 123 mutants of Neurospora crassa of independent origins with specific 


requirements for adenine and lacking adenylosuccinase activity, all were 
found to be the result of changes in one small segment of chromosome. Many 
were found capable of back mutation, but in an extensive search by sensitive 
methods none was found subject to suppression by mutation at a separate 
locus. Intercrosses of different mutants give wild-type recombinants with a 
low frequency, but unfortunately there is so much sterility in such inter- 
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crosses that detailed genetic fine-structure studies of the chromosome region 
concerned have so far not been practicable. 

Complementation.—T he finding by Calef in 1956 (2) that some combina- 
tions of adenineless-9 mutants of Aspergillus presumed to be blocked in the 
same chemical reaction showed complementation in heterocaryons as evi- 
denced by growth without adenine, whereas others did not, created much 
interest and considerable puzzlement among geneticists. How define a cistron 
in such a case? A similar situation was reported at about the same time by 
Giles and as additional examples began to appear, interest in the phenomenon 
increased rapidly. It was soon found that within groups of mutants concerned 
with a single chemical reaction, there are definite patterns of complementa- 
tion. 

Adenylosuccinase mutants of Neurospora will illustrate a part of the 
story. Woodward et al. (78) tested the 123 mutants mentioned above for 
complementation in various heterocaryon combinations. Many failed to 
show growth in any combination, but 51 gave complementation in at least 
one combination. When all combi::ations of complementing mutants, some 
of which involved secondary mutations derived from back-mutated primary 
mutants, were considered it was found that they could be represented by a 
so-called complementation map. A simple example of such a map is repre- 
sented with a series of lines as follows: 


E 





D 





A B Cc 





Each single line represents a group of mutants within which complementation 
does not occur. Mutants in groups represented by non-overlapping lines do 
complement. Mapped in this way, the adenylosuccinase mutants reveal 
seven apparent cistrons. 

What does it mean that all mutants can be put into a unique linear sys- 
tem of this kind? Comparison with a fine-structure map based on recombi- 
nation cannot be easily made with the adenylosuccinase mutants because 
the crosses between mutants show much reduced fertility. That the two are 
closely correlated, however, is shown by the pantothenic less-2 locus of 
Neurospora and others for which both types of analysis have been made (79). 

Heterocaryons carrying two complementing adenylosuccinase mutants 
grow without an exogenous supply of adenine and, as expected, produce 
active adenylosuccinase. Both growth rate and amount of enzyme activity 
are related to distance apart of the mutants on the complementation map. 
Heterocaryons between mutants in adjacent cistrons grow slowly and may 
show as little as 1 per cent of the enzyme activity of the normal strain from 
which the mutants were obtained. As the distance between mutants on the 
complementation map increases, growth of heterocaryons between them be- 
comes progressively better and enzyme activity increases. But the latter 
seems never to exceed 25 per cent of normal activity significantly. 
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What is the meaning of complementation itself? First, from the practical 
standpoint, it means that the definition of a cistron becomes difficult and at 
best arbitrary. In the adenylosuccinase case, it is obvious that if the criterion 
for complementation were enzyme activity and the assay used were not ca- 
pable of detecting levels below 10 per cent, there would be fewer than seven 
cistrons. If it could detect less than 1 per cent there would probably be more. 
Much more important than the operational usefulness of the cistron is the 
question of the meaning of complementation in terms of gene-enzyme rela- 
tions. It is clearly not confined to a few special cases for it has now been re- 
ported in Aspergillus (2), Schizosaccharomyces pombe (80), E. coli (81), and 
Neurospora. In the latter it has been demonstrated for at least eight genes 
but appears not to occur for several others (82, 83). Several possible explana- 
tions have been considered, viz: (a2) compound enzymes, like tryptophan 
synthetase, with activity produced by reassociation of subunits; (b) switch- 
ing templates in the transfer of information from DNA to RNA, i.e., a good 
RNA message copied from two defective DNA codes; (c) similar switching 
of templates in the final synthesis of protein; (d) enzyme activity dependent 
on formation of dimers or higher polymers, this being prevented if units are 
mutant and all alike but not if they are mutant and of two kinds. 

Several lines of evidence bear on the question of which if any of these 
possible explanations is correct. Woodward (84) has recently succeeded in 
demonstrating complementation in vitro by preparing an extract in a special 
way from pairs of adenylosuccinase mutants of Neurospora which show com- 
plementation in vivo. This would seem to exclude template switching mecha- 
nisms in this particular case, for it does not seem likely these would continue 
to operate im vitro. Template switching at the DNA-RNA level is most un- 
likely in Neurospora in any event, for the DNA templates that would have to 
be involved are carried in separate nuclei. 

Fincham (85) has found that some glutamic dehydrogenase enzymes 
formed by complementation are clearly different from the normal form of 
this enzyme. This seems also to be the case for adenylosuccinase comple- 
mentation (84). This would exclude the hypothesis of randomly combining 
subunits, at least in its simplest form, for this would predict a normal en- 
zyme. In addition the observations on adenylosuccinase suggest that this 
enzyme would have to be made up of at least seven non-identical subunits 
if the reassociation explanations were correct. This puts a considerable strain 
on the imagination. Fincham’s finding would also appear to exclude a simple 
hypothesis of template switching for this too would be expected to give a 
normal enzyme. 

Although there is relatively little direct evidence bearing on the fourth 
possibility, an hypothesis advanced by Allison (86) to explain the behavior 
of human haptoglobins (serum proteins—probably glycoproteins—that 
combine with hemoglobin) suggests a way in which enzyme complementa- 
tion might occur through polymerization. The facts that prompted Allison 
to formulate this hypothesis are themselves of genetic interest in several 
respects. In brief, they are as follows: the alleles Hp', Hp? control the hapto- 
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globins in question. Haptoglobins of the two homozygotes differ in charge 
and in the fact that in one they are homogeneous in molecular weight and in 
the other heterogeneous. The haptoglobins of the heterozygote are not a 
simple mixture of the two, there being present molecules of types not found 
in either homozygote. Allison’s proposed explanation can be represented as 
follows: 


Hp'/Hp': XO- 
Hp?/Hp?: XY.XY.XY.XY¥Y  XY.XY.XY  XY.XY 
Hp'/Hpt: XY.XY.XY.XO-  -XY.X¥.XO-  -XY.XO- XO" 


where XO- and XY represent monomers with one combining site or two. 
quantities X and Y are complementary combining sites, and the minus super- 
script indicates a charge difference. As Bearn & Franklin (87) and Allison 
(86) point out, it is conceivable that interactions of this kind might be the 
basis of the so-called hybrid substances in doves and rabbits that have puz- 
zled immunogeneticists for so many years. 

It is possible that an essentially similar interaction might account for 
enzyme formation by complementation. Assume the normal allele of a gene 
to specify the unit X Y and two mutant forms, the units XO and OY. If 
dimerization were essential for enzymatic activity, the heterozygotes or 
heterocaryons would produce active enzyme in the form of OY.XO dimers 
whereas homozygotes would not. A more complex but essentially similar 
scheme might account for situations like that of complementation in adenylo- 
succinase. 

It is of interest that Soyama (88) reports animal glutamic dehydrogenase 
to be a polymer which normally has at least eight subunits per molecule, 
probably identical. The separate subunits seem to be active. If in two mu- 
tants subunits were inactivated in different ways, activity might be restored 
by co-polymerization. 

Clearly, additional information is needed before it can be settled which 
mechanism or mechanisms are responsible for complementation. 

Galactosidase—From time to time there have been found gene-enzyme 
relations that have seemed quite irreconcilable with the hypothesis that the 
entire structural specificity of an enzyme is provided by a single gene. The 
lactose mutants of E. coli were an example. Recently Pardee, Jacob & Monod 
(89) have reinvestigated the genetics of 8-galactosidase formation and ac- 
tivity in E. coli with the result that the lactose mutants now appear to sup- 
port the hypothesis. They have found the ‘‘Lac’”’ region to consist of three 
closely linked but physically separate and functionally different genes. One 
of these, the z gene or cistron, appears to carry the specifications for B- 
galactosidase structure. 

Of 28 galactosidase-negative mutants investigated by the co-transduction 
technique, all were found to lie in the z region. Eight have been unambigu- 
ously mapped and found to represent as many separate linearly arranged 
sites within the z gene. Three mutants show certain as yet unanalyzed 
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anomalous properties. Complementation does not occur in any combination 
tested. Some z mutants possess enzymatically inactive proteins immunologi- 
cally related to galactosidase, and these differ among themselves. It seems 
clear that the primary function of the z gene is the determination of B-galac- 
tosidase structure. 

Adjacent to the z locus is a gene 7 which determines whether 6-galactosi- 
dase will behave as an inducible or constitutive enzyme. Its active allele is 
assumed to be essential to the synthesis of a “‘repressor’’ of B-galactosidase 
synthesis. In induction the repressor is antagonized. Inactive alleles of i 
block repressor synthesis with the result that z-t bacteria produce §-galacto- 
sidase without induction by galactosides. 

The third component, the y gene, is presumed to be concerned with a 
galactoside-transport mechanism, called by Pardee et al. a permease. This 
may be either constitutive (z-) or inducible (i+); that is, the repressor con- 
trolled by z+ represses both the galactosidase and the transport system. 

Three of the ‘‘Lac’”’ mutants that had previously been reported to lie 
at different positions in the chromosome were re-examined. Two were found 
to produce both galactosidase and galactoside-permease. A third was found 
by co-transduction to be in the z-i-y segment. Space does not allow a de- 
tailed description of all the ingenious means by which evidence was obtained 
for the above interpretation, nor does it permit more complete description 
of the system itself. 

Suppressor genes.—In Drosophila and other organisms, suppressor genes 
have long been known. For example a recessive suppressor of vermilion in 
Drosophila restores ability of a genetically vermilion fly to synthesize brown 
eye-pigment. It has often been suggested that such suppressor genes may 
supplement or entirely replace faulty structural specifications resulting from 
mutation in the gene that originally contained them. 

In investigations of suppressors of tryptophan synthetase mutants of 
Neurospora, Suskind & Kurek (90) have shown that quite simple alternative 
explanations may apply in at least some cases. 

Many tryptophan synthetase mutants of Neurospora are known. All are 
alleles—or ‘‘heteroalleles’’ in the sense that they involve mutation at various 
sites within one gene. Some produce enzymatically inactive proteins im- 
munologically related to tryptophan synthetase—i.e., cross-reacting proteins. 
Others do not. Suppressor genes in Neurospora are known for some but not 
all mutants that produce cross-reacting proteins; none are known for mu- 
tants of the other class. Suppressors are successful in restoring enzymatic 
activity only for certain mutants among those that produce cross-reacting 
proteins; that is, they are specific for certain alleles. 

It has been found that enzyme activity can be restored to the cross- 
reacting protein of mutant 24 by separating it from an inorganic inhibitor. 
This inhibitor does not reduce the activity of normal enzyme. Hence it ap- 
pears that mutant 24 has produced a qualitative change in the enzyme of 
such a nature that it is subject to complete inhibition by a normal com- 
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ponent of the cell. The suppressor gene is evidently concerned with presence 
or availability of its inhibitor. In those respects so far studied, zinc duplicates 
the effects of the inhibitor. With this system it has been possible to determine 
that the suppressor gene does not supply specifications for enzyme structure. 
If it did, enzyme from suppressed mutant 24 should be inhibitor-resistant 
like normal enzyme. If not, enzyme from suppressed mutant 24 should be 
inhibitor-susceptible like that from the unsuppressed mutant. The latter 
was found to be the case in the in vitro response of partially purified inhibi- 
tor-free enzyme to natural inhibitor and to zinc. A similar situation was 
found for mutant 3 which also produces a metal-susceptible enzyme. 

What new insight will be gained from further studies of suppressors can 
only be surmised. It will be of special interest to determine the nature of 
genetic suppression in tryptophan synthetase-less mutants of the type 
reported by Yanofsky & Crawford in E. coli, in which there appears to be no 
cross-reacting protein (77). It is already clear, however, that there is no 
compelling need to assume that the structural specifications for tryptophan 
synthetase are supplied by more than a single gene—or that this gene carries 
any other biologically useful specifications. 

Tyrosinase.—Several years ago Markert & Owen (91) showed that mu- 
tants of Glomerella with reduced melanin are characterized by correspond- 
ing reductions in tyrosinase activity. Such mutant types were found to be 
of relatively frequent occurrence, and those apparently entirely devoid of 
tyrosinase activity were found to result from mutation at several loci. 
Does this mean that specifications for tyrosinase structure are derived from 
several genes? The investigations of Horowitz and collaborators (92) on the 
tyrosinase of Neurospora suggest that this is not the case, that the genetic 
control of tyrosinase may be basically no different from that of other en- 
zymes. 

Four alleles of a single gene at the T-locus have been found to be char- 
acterized by qualitatively distinguishable tyrosinases, suggesting that this 
is the gene responsible for structural specificity. Heterocaryons in which two 
such alleles are present produce what appear to be simple mixtures of the 
two enzymes. 

Two other genes have been investigated in which mutation appears to 
abolish enzyme activity. In these it is found that enzyme production can 
be induced by any one of a number of aromatic amino acids and that when 
they are so induced, the enzyme produced is that specified by the allele 
present at the T-locus. These two genes are therefore probably concerned 
with the function of the enzyme, not with structure. As Horowitz ef al. point 
out, tyrosinase is unusual in that it is not essential to the organism, at least 
for its vegetative multiplication and reproduction. The selective pressures 
against indirect inactivating mechanisms might therefore be relatively 
slight. Forms of the enzyme readily inhibitable in a variety of ways, as 
is the case for some mutant types of tryptophan synthetase enzymes, might 
therefore have become established as ‘“‘normal’’. 

Xanthine dehydrogenase in Drosophila.—Xanthine dehydrogenase activ- 
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ity is absent in both maroon-like and sosy mutants of Drosophila melano- 
gaster (93). Since these two eye-color mutants are differentiated from the 
wild type by mutant genes located in different chromosomes, it was not 
unreasonable to assume that both may contribute information essential for 
the synthesis of enzyme. However, with the recent discovery by Glassman & 
Mitchell (94) that maroon-like mutants show a maternal effect explainable 
on the assumption that the normal allele of the mutant gene is essential for 
a substance X, necessary for enzyme activity and capable of being carried 
to a subsequent generation through the egg, it seems more probable that this 
gene is concerned with the production of a cofactor of some sort rather than 
in supplying information for the protein component of the enzyme. 

Virus-directed protein synthesis.—Viruses, especially phages, have several 
important advantages for the investigation of the relation between genetic 
DNA and specific proteins (23). High-resolution genetic analysis is possible 
and nucleic acid is readily available for direct physical and chemical investi- 
gation. The protein coats, obviously synthesized under the direction of 
phage DNA, are likewise easily available in a relatively pure state. 

Already, encouraging progress has been made in identifying several 
enzymes that appear to be made in infected host cells under the influence 
of phage DNA. Flaks & Cohen (95) have shown that bacteria infected with 
T2 phage have an enzyme that hydroxymethylates deoxycytidine 5-phos- 
phate, the product being a precursor of phage DNA not normally synthe- 
sized by bacteria. Kornberg et al. (96) have now isolated and identified three 
enzymes found in T2-infected bacteria but not detected in normal bacteria. 
One of these phosphorylates hydroxymethyldeoxycytidine 5-phosphate to 
the triphosphate. A second removes the terminal pyrophosphate from 
deoxycytidine triphosphate. The third catalyzes the transfer of glucose 
from uridine diphosphate glucose to phage DNA containing hydroxymethyl- 
cytosine. These four enzymes, synthesized in response to T2 DNA within a 
few minutes of its injection, go a long way toward explaining the presence of 
hydroxymethylcytosine in T2 DNA, and its partial glucosylation. Whether 
these constitute the whole of the ‘“‘early” protein that must be synthesized, 
along with RNA, in a T2-infected cell before phage DNA can be replicated is 
not known (22, 23, 97, 98). 

Smaller phages, like ¢X174 with only 5500 nucleotides per phage unit 
of DNA, offer even greater hopes for identifying chemically defined DNA 
with corresponding proteins. Considering that a substantial fraction of the 
DNA must be required to specify the protein coat, it seems doubtful that 
DNA in such a virus is sufficient to determine the structure of more than 
three or four enzymes. 


MUTATION 


Only a few special aspects of this large general subject are considered 
here. 

Radiation-induced mutation.—Of the many excellent reviews of the sub- 
ject of radiation-induced mutation, two have appeared recently, one by 
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Muller (99) and one by the United Nations Scientific Committee on the 
Effects of Atomic Radiation (100). It should be pointed out that Russell 
et al. (101, 102) have recently reported a most significant new fact, namely, 
that chronically administered ionizing radiation is less effective per r unit 
by a factor of something like four in producing mutations in spermatogonia 
or odcytes of mice than is an equal amount given in a single acute dose. 
This difference is not found for mature spermatozoa of either mice or 
Drosophila. The new findings have important implications as to the mecha- 
nisms of radiation-induced mutations and, of course, bear on the matter 
of hazards to man of long-time exposure to low levels of ionizing radiation. 

Mutation (defined in a broad sense to include chromosome breakage) 
induced by P* incorporated in phage particles, bacteria, and cells of other 
organisms has proved to be a useful tool in the investigation of several proc- 
esses of biological importance. Stent and Fuerst have provided a most useful 
summary of the subject (28). It seems highly probable that P* incorpo- 
rated in DNA produces its direct genetic effects primarily through nuclear 
recoil and transmutation. In both phages and bacteria the lethal effects 
probably result from simultaneous breakage of the two chains of the DNA 
molecule by properly oriented nuclear recoils, for the efficiency of P* dis- 
integrations in inactivating DNA from T phages or bacteria is about 0.1, 
the same as that for breaking double DNA molecules in vitro, whereas for 
phages with single stranded DNA, the efficiency is approximately 1.0. 

The radioisotope P* is effective in inactivating phages before or just after 
injection. But within a few minutes after injection, phage DNA is somehow 
stabilized against P® inactivation. This stabilization appears not to be 
caused by the formation of P*®-free replica molecules or by the ability to 
reconstruct good DNA units from broken ones, but rather by some process 
involving protein synthesis. Protein that stabilizes one phage seems not to 
stabilize a genetically different phage introduced later, possibly because the 
protein required is specific. 

Stent (21) has proposed a mechanism of DNA replication involving trans- 
fer of genetic information from double DNA molecules to RNA-protein com- 
plexes which in turn direct the synthesis of new double DNA molecules. 
The postulated RNA-protein templates would contain no P® under the 
conditions of most experiments, and even under conditions in which they 
do, the protein could conceivably confer stability. 

Since it is not at all obvious how the Stent mechanism would give the 
“‘thybrid’”” DNA molecules observed by Meselson & Stahl (29, 30) or operate 
in the Kornberg system (31, 32) in which specific DNA appears to be syn- 
thesized in the absence of either protein or RNA specifically related to DNA, 
it seems clear that alternative explanations for stabilization of DNA against 
P® breakage should be explored. Possibly protein serves directly to stabi- 
lize DNA, forming deoxyribonucleoproteins of the kind Zubay & Doty have 
isolated from chromosomes (47). 

The P*-decay method has also been used most ingeniously in investi- 
gating bacterial conjugation. If P-labeled donor cells, with appropriate 
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genetic markers, held at —196°C., are thawed after various intervals and 
then allowed to conjugate, it is found that the farther removed from the 
“head”’ of the entering chromosome a genetic marker, the more rapidly is 
its probability of entering the recipient reduced, i.e. the more likely a break 
ahead of it. The quantitative agreement of this reduction with map positions 
as determined by time of entrance is remarkably close. 

Doudney & Haas (103) have recently extended the earlier finding of E. M. 
Witken that frequency of recoverable bacterial mutants induced by ultra- 
violet is strongly correlated with postirradiation protein synthesis. The facts, 
which unfortunately cannot be restated here, suggest to these workers that 
mutation occurs through the alteration of cytidine and uridine precursors 
of RNA, that these are “‘stabilized” as amino acid RNA complexes and then 
“fixed’”’ irreversibly as mutations in ribonucleoproteins which serve as 
templates for DNA double helices in the manner proposed by Stent for 
DNA synthesis via RNA-protein templates. As indicated above, it is not 
immediately evident how the Stent hypothesis and the new evidence on 
DNA synthesis are to be reconciled. If they cannot be, the remarkable inter- 
relations demonstrated by Doudney & Haas must of course be interpreted 
in some other way, as Witkin (104) has pointed out. 

Chemical mutagenesis.—Since the first clear demonstrations in the period 
1943 to 1946 that mutations could be induced by various chemical agents 
(105), hundreds of compounds, inorganic and organic, have been shown to 
be mutagenic or antimutagenic (105 to 107). The mechanisms seem clearly 
to be several, some direct, others indirect. 

One of tke very important advances in this area is the recent discovery 
by Schuster & Schramm (108) that nitrite produces mutations in pure RNA 
of tobacco mosaic virus by oxidation of amino groups to hydroxyl groups. 
This oxidation converts cytosine to uracil, adenine to hypoxanthine, and 
guanine to xanthine. It appears that oxidation of any one of about 3000 of 
the 6000 nucleotides present in the RNA of a single virus particle leads to 
inactivation. The effect is the same whether RNA is treated in intact viruses 
or after removal of protein coats. 

In addition to lethal mutations, some changes leave the RNA infectious 
and viable but altered in its effect on the host. Thus Mundry & Gierer (109) 
have found that nitrite increases by a factor of 20 mutation to types that 
give necrotic instead of chlorotic local lesions in a particular test. This is by 
treatment that inactivates only about half the RNA units. It is estimated 
that an oxidation of any of about 180 nucleotides in the 6000 total leads to 
such a ‘“‘necrotic’’ mutation. So many other mutations are detected at this 
level of oxidation that it can be inferred that the majority of treated RNA 
units are genetically modified. 

It is tempting to speculate that oxidations leading to replacement of 
cytosine with uracil will often give viable mutations, since both of these 
pyrimidines normally occur in RNA. Conversion of a natural to an unnatural 
base might, on the other hand, be expected to be lethal. 

Base-analogue mutations ——Following the demonstration that the pri- 
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mary genetic material of some viruses and of cellular forms is DNA, it was 
natural to expect that analogues of nucleotides (base-analogues) might be 
incorporated during DNA replication and thus lead to genetic change. This 
has indeed been found to be the case. 

An especially illuminating investigation of such mutations has been 
made by Freese (110) using phage T4 and the Benzer rII technique. It was 
already known that spontaneous mutations differ in distribution of sites 
involved from those induced by 5-bromouracil and proflavin and that the 
latter agents differ among themselves in this regard. Freese has found that 
most mutations induced by the base-analogues 2-aminopurine and 5-bromo- 
deoxyuridine are reversible to the standard wild type by further exposure to 
base-analogues (296 out of 300 tested) but that those induced by proflavin are 
not induced to revert in this way despite the fact that many revert spon- 
taneously. To account for these and related findings, Freese postulates two 
kinds of single base pair substitutions, viz: 


(a) Adenine-Thymine — Guanine-Cytosine 


i.e. replacement of purine with purine and pyrimidine with pyrimidine. 
Base-analogues should induce changes of this kind since presumably purine 
analogue replaces only purine, and pyrimidine analogue only pyrimidine. 
In following DNA replications, replacements of analogue by the natural 
nucleotides would be expected either to restore the original condition or to 
substitute base-pairs as above. 


(0) Adenine-Thymine — Thymine-Adenine 


Cytosine-Guanine — Guanine-Cytosine 


i.e., replacement of purine with pyrimidine and vice versa through mistakes 
in incorporation of nucleotides during replication. There is no reason to 
believe base-analogues would increase this type of mistake or reverse it 
once it has resulted in base-pair transversion in a daughter DNA double 
helix. About 10 per cent of spontaneous mutations are reversible with base 
analogues, suggesting that this proportion is of the first class. As Freese 
(110) points out, this hypothesis is testable in several ways and no doubt 
such tests will soon be made. 

Kaudewitz (111) has reported a curious delay in expression of ultra- 
violet-induced mutations in Salmonella which he interprets as detachment 
of bits of genetic material transmitted linearly for several generations with 
final reincorporation. 

Paramutation in maize-—Mendel’s rule that genes segregate from hetero- 
zygotes uncontaminated by association with alternate forms is of course 
violated by intragenic recombination. It now appears that it may fail in 
another way as well. Brink and his collaborators (112) have discovered 
that the R* gene concerned with endosperm pigment in maize is invariably 
modified by association with the R* (stippled) or R™ (marbled) allele in 
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heterozygotes. This change, detected as a reduction in pigmentation, is 
reversed slowly but apparently not completely over a period of generations 
after removal of the R allele from association with R** or R™. 

While several characteristics of paramutation at the R locus are known, 
for example that the R*‘ is not itself detectably altered during the process 
and that the effect in trisomics of the genotype R*', R’r? is the same as in 
R**R’ diploids, the latter fact showing that close meiotic pairing is not es- 
sential, the basic nature of the process is not yet understood. 

Coe (113) has found a somewhat similar case involving the B (plant 
color) locus in maize. Here a B’ allele appears to have become paramutagenic 
toward a standard B allele, always converting it to a B’ which is likewise 
paramutagenic. Hagemann (114) reports what may be a similar phenome- 
non in the tomato. 


THE CoDING PROBLEM 


On the hypothesis that DNA serves to specify sequence of units in RNA, 
which in turn specifies amino acid sequence in proteins, several linear coding 
systems have been explored. One of these (115 to 118) assumes that amino 
acids are specified by non-overlapping triplets of base-pairs (or single nu- 
cleotides in one chain) of DNA, of which 20 are possible with four nucleo- 
tides. If provision is made for reading the DNA molecule in one direction 
only, so-called comma-free transposable codes result, in any one of which 
there are only ten usable triplets (117). If quadruplets (‘four letter words’’) 
are similarly used, there are 27 good ‘“‘words’”’ per code, clearly enough to 
encode all the amino acids that occur ia proteins (117). 

Sueoka et al. (119) and Sinsheimer (120) have pointed out a possible 
difficulty with such four-symbol coding systems: the guanine plus cytosine/ 
adenine plus thymine ratio varies from less than 0.4 to more than 0.6 in 
the DNA of four bacteria Sueoka et al. and others have investigated, but 
within a single species the molecules are remarkably homogeneous in this 
regard (119). RNA in the same species varies in composition in a correspond- 
ing way but to a much smaller degree. On the basis of the widely held belief 
that the majority of the proteins of the bacterial species investigated are 
alike or closely similar, the mean DNA composition should show correspond- 
ingly little variation from species to species. What the observed variation 
means is therefore not clear. Perhaps the proteins vary more widely than is 
commonly believed. If not, possibly only a part of the DNA is genetically 
useful. This would have to be less than 10 per cent if the proteins are es- 
sentially alike. One of several alternative possibilities is that the coding 
system may involve sequence of amino and keto groups in the 6-positions 
of purines and pyrimidines; that is, a two-symbol code (119, 120). How such 
a code might work in detail has not yet been made clear. 

Investigation of the properties of various possible coding systems is 
valuable, for each of them has something to say about possible sequences 
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of amino acids and the kinds of substitutions of amino acids that can be 
made by specified types of changes in the code (121, 122). 

The investigations of Ingram and co-workers (68, 69, 73) on amino acid 
sequence in hemoglobins are a beginning in this type of analysis. It can be 
anticipated that progress will be rapid. Perhaps it will come in part through 
more knowledge of the nucleotide sequences of the soluble cytoplasmic 
RNA’s now assumed by some investigators to bear specific relations to 
individual amino acids. It is not out of the question that the nature of the 
coding system may be discovered without resort to the discouraging task 
of determining by chemical methods the nucleotide sequences in either RNA 
or DNA. 


OTHER AREAS OF GENETICS 


In addition to those already mentioned, there have been other significant 
advances in genetics within the past two or three years which cannot be 
reviewed in any detail. There continues to be keen interest in mechanisms 
of recombination in phages (123, 124); in integration of DNA during bac- 
terial conjugation (13), transformation (125, 126), and transduction (66); 
in crossing over, so-called conversion, and other phenomena that occur 
during meiosis (127 to 133); and in McClintock-type controllers (134). 

It is now quite clear that the normal chromosome number in the somatic 
cells of man is 46 (135, 136) instead of 48 as believed for so many years, 
although it remains a possibility that in the germ line of some normal indi- 
viduals there may be 47 or 48 (137). Three congenital diseases of man have 
now been shown to involve chromosome imbalance. Mongolism is associated 
with presence in somatic cells of a small extra autosome (138 to 140); 
Klinefelter’s disease is the result of sex-chromosome imbalance, affected indi- 
viduals being sterile males XX Y in constitution (140, 141). Turner’s disease 
affects XO females incompletely developed sexually (142, 143). The pheno- 
types of XX Y and XO individuals indicate a positive role of the Y chromo- 
some in sex determination. Interestingly, a similar role of the Y chromosome 
of the mouse has recently been reported (144, 145). Perhaps this is general 
for mammals in contrast to the situation in Drosophila. 

The possibility of using bone-marrow transplants in the therapy of severe 
radiation injury has greatly increased the interest of the medical profession 
in immunogenetics. There are several excellent reviews of genetic aspects of 
the general subject of tolerance to tissue transplants, among them those by 
Owen (146, 147), Brent & Medawar (148), and Billingham (149). More gen- 
eral aspects of immunogenetics are considered by Ebert (150) and by Schultz 
(151). 

Partly because of increased interest in the genetic hazards to man of high- 
energy radiations and partly because of increased recognition of the impor- 
tance of genetic disease (48), attempts are now being made to develop new 
techniques of investigating human genetics. Among the most promising of 
these is the use of cell populations either in vivo or in tissue culture (2, 152 
to 154). 
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In August of 1958 the Oak Ridge National Laboratory sponsored a sym- 
posium on the genetic aspects of somatic cell variation. The papers pre- 
sented, plus the discussion provoked by them, cover such subjects as nuclear 
changes in somatic cells, cytoplasmic factors, antigen-antibody interrela- 
tions, the immunogenetics of transplantable tumors, cytology of tumors, and 
genetic studies of human cells in tissue culture; and they are a convenient 
and valuable summary of these important areas (155). 

Markert & Mller (156) have confirmed and extended earlier work on 
animal enzymes showing that these may exist in multiple forms called ‘‘iso- 
zymes’. Patterns of isozymes vary not only from one tissue to another but 
also during development of a single tissue and from species to species. Poly- 
merization of the kind postulated by Allison (86) for human haptoglobins 
is one of several explanations considered for the observed heterogeneity. 
An obviously important question from the standpoint of development is 
whether such enzyme modifications are a primary cause of differentiation 
ora result of it. 

The nuclear transplantation technique of Briggs & King (157) provides 
a most useful method of investigating certain aspects of development of 
multicellular organisms, especially nuclear-cytoplasmic interactions. Since 
it has long been obvious from classical genetics that the nucleus and cyto- 
plasm must interact in a mutually compatible way, it is not surprising that 
the nucleus of a frog cell transferred to an egg cell of a different species leads 
to abnormalities in development. It could not have been predicted, however, 
whether such a sojourn of nucleus in a foreign cytoplasm would or would not 
do it irreversible harm. The preliminary results of such heterotransplanta- 
tion experiments in frogs by Fischberg et al. (158) and by Moore (159) show 
that the nucleus is in fact adversely affected, for if after a number of cell 
divisions it is returned to an egg of its own species, development is invariably 
abnormal. In one set of experiments (158) some recovery seems to take place 
during the course of repeated back-transplants to eggs of the same species. 
That a nucleus shonid undergo irreversible or incompletely reversible damage 
under such conditions raises the question of whether nuclear changes that 
have been demonstrated to take place during normal development (157) 
are a secondary result of differentiation or a primary cause of it. 

Two new approaches to the general problem of interactions between 
cytoplasm and nucleus have recently been reported, both in fungi (160, 161). 
Several aspects of this large and important general subject have been re- 
viewed by Hammerling (162); Catcheside e¢ al. (163); Ephrussi (164); 
L’Heritier (165); and Nanney (166). 
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REPRODUCTION! 


By Tuomas R. ForBEs 
Department of Anatomy, School of Medicine, Yale University, New Haven, Connecticut 


Only a fraction of the reports relating to reproduction which were pub- 
lished in the eleven months ending 30 May 1959 can be considered here. 
Attention will be directed chiefly to papers relating to the physiology of re- 
production rather than to biochemical, anatomical, pathological, behavioral, 
and other aspects. 

The past year has seen the publication of several useful books and mono- 
graphs on aspects of reproductive endocrinology, including those written 
or edited by Buxton (1), Hall (2), Nalbandov (3), Paschkis (4), and Velardo 
(5, 6). Also appearing in book form are the proceedings of a conference on 
the physiology of prematurity (7), a conference on new steroid compounds 
with progestational activity (8), a Laurentian hormone conference (9), and 
a conference on the uterus (10). 


EMBRYO AND FETUS 


When flooded low lands dried up, unhatched embryos of the top minnow 
Fundulus confluentus were stranded and exposed; surprisingly, eggs containing 
the embryos were found in moist plant debris as much as three months 
later. Normal fish hatched 15 to 30 min. after immersion of the debris in 
tap water (11). 

Effects of hormones on embryos have been studied by a number of 
workers. Thus, left ovaries of early and late chick embryos have been found 
to contain estrogenic steroids (12, 13). The fact that epithelial cells lining 
the lumina of the seminal vesicles of the fetal ram are taller than the cor- 
responding cells in the castrated adult, though not quite as tall as in the 
intact adult, suggests that male hormone is reaching the fetal cells (14). 
The relations between glycogen storage in the fetal rabbit and hormones have 
been the subject of a recent study (15), discussed below. 

Glycogen begins to accumulate in the liver of the fetal rabbit on the 25th 
day. Hypophysectomy (by decapitation) on the 21st to 23rd day prevents 
hepatic glycogen storage. Administration of cortisone acetate or hydrocorti- 
sone does not alleviate matters. However, some glycogen is stored if the 
hypophysectomized fetus is given adrenocorticotrophic hormone (ACTH). 
If fetal hypophysectomy is delayed until the 26th day and if adrenal cortical 
hormone is given, glycogen storage takes place. In the rat fetus, on the other 
hand, early hypophysectomy does not prevent the accumulation of hepatic 
glycogen unless, in addition, the mother is adrenalectomized; if cortisone is 


1 Among the abbreviations used in this chapter are: ACTH (adrenocorticotrophic 
hormone); DCA (deoxycorticosterone acetate); FSH (follicle-stimulating hormone); 
HCG (human chorionic gonadotrophin); ICSH (interstitial cell stimulating hormone); 
and LH (luteinizing hormone). 
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given to either the hypophysectomized rat fetus or to the adrenalectomized 
mother, glycogen storage ensues. Thus for hepatic storage of glycogen the 
rabbit fetus requires the presence of the hypophysis or of ACTH past the 
25th day plus adrenal cortical hormone, while in the rat fetus the hypophysis 
is not necessary if adrenal cortical hormone is available from the mother or 
by injection. Apparently in the rabbit the pituitary or, specifically, ACT 1 
is responsible for a physiological change in the liver between the 25th and 
26th day, and this change plus the availability of a corticoid permits the 
synthesis of glycogen. The fetal rat liver, on the other hand, requires only 
corticoid. Tests with rat placental extract solved the mystery: if rabbit fetuses 
were decapitated on day 23 or 24 and were injected with hydrocortisone 
acetate plus rat placental extract, glycogen synthesis took place. If rabbit 
placental extract was substituted, glycogen was not synthesized (15). 

Techniques for human fetal phonocardiography, electrocardiography, 
and electroencephalography offer much promise for clinical application (16 
to 20). 


TESTIS AND MALE HORMONE 


Treatment of baby chicks with deoxycorticosterone acetate (DCA) was 
followed by fluid distention of the lumina of the seminiferous tubules and 
testicular hypertrophy. Inhibition of comb growth by large doses of DCA 
was interpreted as caused probably by failure of endogenous androgen se- 
cretion (21). Evidence for secretion of male hormone by the pregnant mouse 
was seen in the fact that her submaxillary salivary glands assume the 
masculine appearance during gestation and lactation. Since ovariectomy at 
term suppresses such masculinization even if lactation continues, the ovary 
appears to be the source of the androgen. Masculinization of the female 
mouse’s submaxillary gland can be evoked by administering prolactin (to 
act on the ovaries) or ACTH (to act on the adrenals, in the presence or the 
absence of the ovaries) (22, 23). Treatment of adult rats with testosterone 
propionate results in lessened appetite, reduction in subcutaneous and 
abdominal fat and in protein content of the skin, and loss of body weight in 
spite of increase in fat and protein of seminal vesicles and prostate. Ad- 
ministration of the hormone also interferes with increase in body weight in 
intact and castrated young rats (24, 25). That the continuously breeding 
laboratory rat has not quite lost the ‘‘archaic”’ seasonal breeding cycle of its 
wild ancestors was shown in a study of the rate of secretion of the prostate 
as measured by the prostatic uptake of Zn®. In both castrate and hypophy- 
sectomized laboratory rats treated with androgen, there were the same 
peaks of secretory activity in February-March and June-July which are 
seen in many wild rodents (26). 

Administration in man of etiocholanolone (3a-hydroxyetiocholane-17- 
one), a metabolic product of both adrenocortical and testicular hormones, 
was followed by 4 to 12 hr. of high fever, local inflammation, and leucocy- 
tosis. Since a large part of the administered compound was recovered as 
such, the response seemed to be attributable to this compound itself. The 
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38-epimer had none of these effects (27). In normal men the concentration 
of testosterone in plasma from human spermatic vein blood ranged from 
1.6 to 0.025 yug./ml., the decrease corresponding to advance in age from 30 
to 80 yr. (28). Estrogen production by a human testicular interstitial-cell 
tumor was indicated by gynecomastia, diminished spermatogenesis, and 
abnormally high urinary excretion of estriol and estradiol-178. Following 
removal of the tumor, these symptoms disappeared, and the patient’s wife 
conceived (29). Further evidence of the puzzling ability of the male gonad 
to produce estrogen was obtained when perfusion with horse blood and 
sodium acetate-1-C' of a testis removed from a stallion which had been 
treated with gonadotrophin yielded radioactive estrone and estradiol in the 
testicular tissue and perfusate (30). 

In a classic experiment in 1849, Berthold showed that the denervated 
testis of the rooster retains its endocrine function (31). Destruction of the 
spinal cord at thoracic levels 8 to 10 did not disturb gametogenic function or 
testis morphology in 10 of 11 mice, even after 2 mo. (32). 


CAPACITATION AND FERTILIZATION 


The capacitation of sperm (i.e., the physiological change which they 
undergo in the female before acquiring the capacity to fertilize ova) was 
studied by injecting sperm into the uteri of rabbits subjected to various pro- 
cedures, removing the sperm 12 hr. later, and, to test their fertilizing ability, 
placing them in the oviducts of normal rabbits which had recently ovulated. 
Progesterone treatment prevented capacitation if the sperm were in the 
uterus but not if they were in the tube (33). Capacitation occurred in uterus 
and tubes a month after ovariectomy, in isolated bladder or colon of rabbits 
of both sexes, and even in the anterior eye chamber or vesicular gland of 
males. | »>wever, if the sperm were enclosed in a cellophane bag, capacitation 
did not iake place even when the bag was inserted in the uterus of an estrous 
rabbit (34). Mixing rabbit sperm with urine in various proportions dimin- 
ished their motility much more seriously than their ability to fertilize (35). 

Ovariectomized adult rabbits received no treatment or 4 to 18 daily in- 
jections of estradiol benzoate and then were mated or artificially inseminated. 
After 12 to 21 hours, freshly shed ova from unmated animals were injected 
into the oviducts of the spayed animals to determine if the sperm could 
reach and fertilize the ova. Fertilization was found to be infrequent if the 
ovariectomized host had received no estrogen. The fertilization rate was 
much higher in treated animals, 1 ug./day for four days giving the best re- 
sults. If sperm were artificially inseminated into the cervical end of the 
uterus, less estrogen was required for successful fertilization than for nor- 
mally mated animals, and still less hormone was needed when sperm were 
inseminated into the tube (36). However, intramuscular injection into rab- 
bits, immediately after mating and again after 48 hr., of as little as 5 ug. of 
estradiol benzoate resulted in loss of 82 per cent of the blastocysts, perhaps 
because of increased uterine motility (37). 

Rabbit does were mated to sterile bucks to induce ovulation, and sperm 
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were injected intraperitoneally 1 to 2 hr. later. Blastocysts resulted if the 
sperm had been washed twice but not if they were washed once. Washing 
apparently removed the secretions of the accessory genital glands (38). 
Fluoroscopic observation of does after injection of semen or radio-opaque 
fluid into the vagina or uterus led to the conclusion that neither fluid nor 
semen move through the cervix during female orgasm. Instead, the motility 
of the sperm themselves seems responsible for passage through the cervical 
barrier (39). 

In vitro, human sperm motility increased following the addition to semen 
of ovarian cyst fluid, tubal fluid (from hydrosalpinx), peritoneal fluid, or egg 
white. Viability of the sperm was unaffected (40, 41). 

Both eggs and sperm of freshwater fish, once they are released into water, 
have a functional life span of minutes only. Discharge of the germ cells into 
fish Ringer solution or a sugar solution of the correct osmotic pressure permits 
much longer survival of the gametes (42). 

When their ovaries were infected with a phycomycete, two varieties of 
viviparous fish showed what seems indisputably to be true parthenogenesis. 
Two specimens of Lebistes reticulatus and one of Xiphophorus helleri, all three 
individually isolated since birth, as adults bore litters of 22, 14, and 28 young, 
respectively, all females. The possibility of self-fertilization was excluded by 
failure to find sperm in the sperm chambers of the ovaries or to find testicular 
tissue (43). 


OvarRY AND OvARIAN HORMONES 


Estradiol-178 has been identified in ovarian eggs of the dogfish Squalus 
suckleyi, according to Wotiz et al. (44). 

As far as could be determined by vaginal smears, gonadotrophin deter- 
minations, etc., human ovarian endocrine activity was not affected by hys- 
terectomy even after several years; ovulation appeared to continue in 9 or 
more of 24 hysterectomized women (45). 

X-irradiation of rat ovaries in doses of 1000 to 1500 r destroyed ova and 
follicles but not interstitial cells. X-irradiation of one member of a parabiotic 
pair of rats caused hyperplasia of the follicles of the untreated partner when 
the dosage reached 3000 r, suggesting destruction of hormone secretion in the 
irradiated gonads, heightened release of gonadotrophin by the treated ani- 
mal, and response of the normal ovaries of the parabiont to the gonadotro- 
phin (46). Hypophysectomy of mice at about 39 days of age retards follicular 
atresia and the disappearance of oocytes. If ovaries of these mice are grafted 
to normal old mice, the only result is that some follicles seem to mature; if a 
normal young mouse is the host, the ovary acquires full reproductive capac- 
ity. These observations support the conclusion that the pituitary of the old 
mouse fails to produce gonadotrophins in adequate supply (47). 

Unfertilized mouse eggs frozen under optimal conditions at —10° C. for 
up to 3} hr. were subsequently fertilized and developed progeny in foster 
mothers (48). Rat ovarian tissue retained its endocrine activity after freezing 
and thawing under carefully controlled conditions (49). 
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When five natural estrogens were rated as to their ability to increase 
fluid imbibition and growth in the immature rat uterus, it was discovered 
that the relative efficacy of the compounds varies, depending on duration of 
treatment, dosage, and perhaps other factors (50, 51). A metabolite of estra- 
diol-176 in man has been identified as 168-hydroxyestrone (52). 

Administration of progesterone during pregnancy reduced the percentage 
of embryonic survival in pigs and probably in sheep, but not in rats (53). The 
route of administration of a steroid hormone once again was shown to be 
important. Immature rabbits were primed with estrogen and then progester- 
one was administered in different ways. The endometria of the rabbits were 
subsequently evaluated for progestational response in terms of the Corner- 
Allen test. The intrauterine method of administration was found to be the 
most effective; for a response equivalent to that induced by intrauterine 
treatment, the intramuscular dose had to be increased 1000 times and the 
intravenous dose, 25,000 times (54). 

In women whose menstrual cycles had been regular, withdrawal bleeding 
after administration of progesterone, anhydrohydroxyprogesterone, or 17a- 
hydroxyprogesterone caproate for 2 to 5 days invariably occurred unless the 
woman was pregnant or for some other reason had secondary amenorrhea, 
suggesting a differential test (55). 

Adrenal-vein blood of calves contained relatively large amounts of A‘-3- 
ketopregnene-20a-ol for the first 58 days after birth; in the ensuing week this 
substance was replaced by progesterone (56). 

Synthetic compounds with possible progesterone-like activity have re- 
ceived much attention. Progestational activity, as demonstrated by main- 
tenance of pregnancy in rats or mice after ovariectomy, prevention of human 
abortion, induction of ‘withdrawal bleeding’’, etc., has been reported for 
17a-hydroxyprogesterone and its esters (57 to 65); 6a-methyl-17-hydroxy- 
progesterone and its esters (64, 66, 67); 11-dehydroprogesterone (68); various 
compounds of the 19-nortestosterone series (58, 64, 65, 69 to 74); 9-halogen- 
and 12-halogen-substituted progesterone and testosterone (64, 65, 75, 76); 
17-hydroxyestrenone compounds (69, 74, 77, 78), a steroid-17-spirolactone 
(79); and deoxycorticosterone acetate (64). The new compounds in some 
cases also have other important endocrine effects. Thus, a 17-ethinyl deriva- 
tive of 17-hydroxyestrenone is estrogenic as well as progestational in rats 
and women (63, 77, 78), while 17a-hydroxyprogesterone; a 9-fluoro-substi- 
tuted methyl testosterone; and various ethinyl testosterone, ethinyl nortes- 
tosterone, ethinyl estrenolone, ethinyl estradiol, and acetoxyprogesterone 
compounds as well as progesterone itself may have androgenic activity (61, 
76, 80). On the other hand, several 9-halogen- and 12-halogen-substituted, 
oxygenated progesterones block the response of the immature mouse uterus 
to estrogen (61, 75). Progesterone, 17a-ethyl-19-nortestosterone, 17a-ethy- 
nyl-19-nortestosterone, and 17a-ethynyl-17-hydroxy-estren-3-one produced 
azoospermia, loss of libido, and cessation of 17-ketosteroid excretion in nor- 
mal men; these compounds also were antigonadotrophic in male rats (72, 74, 
78, 81). Administration of 17a-hydroxyprogesterone caproate increased the 
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breeding efficiency of cows (82) and did not interfere with production in the 
female rat (83). 

Anabolic potency is possessed by 17a-ethyl-19-nortestosterone and other 
progestationally active substances which have a side chain in the alpha posi- 
tion at C!” (69, 84). It was found that 6-ketoprogesterone is anabolic and 
somewhat anesthetic (85). 17a-Oxyprogesterone-17-caproate induces molting 
in certain continuously breeding birds (Psittacidae, some Ploceidae, Phasi- 
anidae) but not in other families, mostly wild, with a restricted breeding 
season (Zosteropidae, Fringillidae, Paridae, other Ploceidae, Timaliidae, 
Columbidae). Such molting apparently involves the thyroid (86). 

That relaxin can cause relaxation of the pubic symphysis of the estrogen- 
primed guinea pig has been confirmed (87). This hormone potentiates in the 
rabbit the progestational effect of progesterone and in the rat, the utero- 
trophic effect of estradiol (88). The value of relaxin in treatment of human 
premature labor (89 to 91) and the ability of relaxin to cause softening of the 
human cervix at term (90 to 93) are a matter of controversy. Relaxin does 
increase cervical dilatability in spayed, estrogen-primed rats (94). Its ability 
to inhibit spontaneous uterine motility im vitro has been suggested as the 
basis for a bioassay (95). Estrogen and relaxin can be as effective as estrogen 
and progesterone in evoking lobule-alveolar growth in the mammary glands 
of castrate and intact male mice (96). 


Estrous CYCLE AND OVULATION 


A single subcutaneous injection of 10 wg. of estradiol dipropionate in 
five-day-old mice was followed by vaginal opening in 3 to 6 days and almost 
continuous estrus for 50 days, with diestrus thereafter. If the treatment was 
delayed until the mice were 20 days old, the estrous cycle was usually nor- 
mal (97). Caging of females with males shortened the duration of the estrous 
cycle in three strains of mice (98), while caging of females in large groups 
without males was usually followed by anestrus (99). Electrical stimulation 
via the rectum of the reproductive organs of anestrous cows conspicuously 
increased (as compared to controls) the number of cows coming promptly 
into heat and ovulating; the stimulation may have brought about the release 
of gonadotrophin (100). 

Calculations have been presented to support the hypothesis that ripe 
ovarian follicles rupture because of depolymerization of their acid muco- 
polysaccharides by a follicular enzyme, with consequent rise in colloid 
osmotic pressure of the follicular fluid. The latter increases in volume, and 
this plus the thinning of the follicle wall eventually results in follicular rup- 
ture (101). 

High thoracic transection of the spinal cord did not prevent five of ten 
isolated rabbits from ovulating after electrical stimulation of the hypothala- 
mus; if a neural pathway is essential for ovulation, the pathway apparently 
is not in the cord (102). Fragments or whole ovaries of fetal, immature, and 
adult mice, rats, and rabbits were transplanted to the anterior eye chambers 
of rats. Administration of pregnant mare serum and then of human chorionic 
gonadotrophin was sometimes followed by ovulation from the rat ovaries. 
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Ova collected from ripe follicles were transferred to mated female rats, were 
fertilized, and developed into normal embryos reaching term. Thus actual 
ovulation is not essential for development of ova (103). In rats (three strains) 
which had born at least eight litters, the second was usually the largest, litter 
size gradually declining thereafter (104). Two ovulations in rapid succession 
were induced in mice by treatment with gonadotrophin; one crop of eggs 
was fertilized by mating and the other by artificial insemination. Distinctive 
gene markings made it possible to identify the young of each paternity. Both 
groups of embryos went to term if the interval between the two ovulations 
was 2} to 3 days, but superfetation did not occur if the interval was 3} to 4 
days, as all embryos from the earlier group then died (105). 

In the rabbit, migration of basophil leucocytes from the blood into the 
reproductive organs, and particularly into the ovaries, takes place. The ac- 
cumulation of basophils is maximal at 12 hr. after copulation (i.e., about 14 
hr. after ovulation) (106). 


PREGNANCY AND PSEUDOPREGNANCY 


Bovine placental extracts were found to contain estrone, estradiol-17£, 
and estradiol-17a. Since estrogens were not detected in maternal ovaries and 
adrenals from cows pregnant for 256 and 265 days and were not found in the 
adrenals and testes of their fetuses, it is suggested that the estrogens of preg- 
nancy may come mostly from the placenta (107). Removal of fetuses but 
not placentae from the left uterine horns of pregnant rabbits resulted in 
some but not all fetuses in the right horn surviving unborn until the 36th 
day of pregnancy (108). (The rabbit’s normal gestation period is 30 to 32 
days.) It appears that reducing the ratio of fetuses to placentae and hence, 
apparently, to total placental hormone output results in prolongation of 
pregnancy. Rapid placental transfer of estriol-16-C and of ether-soluble 
metabolites of estradiol-16-C' has been demonstrated in the guinea pig 
(109), as has placental transfer of thyroxine, triiodothyronine, and insulin, 
but not of thyrotropic hormone, in the rat (110). 

A physicochemical assay method detects as little as 0.5 wg. of progesterone 
in 10 to 20 ml. of plasma (111). Blood samples drawn from the inferior vena 
cava of the hen at a point close to the ovarian veins contained an average of 
0.05 ug. progesterone/ml. blood (112). At the 36th week of human pregnancy 
the concentration of progesterone in plasma from peripheral blood is 0.07 to 
0.13 ug./ml., while in plasma from placental venous blood it is 0.4 to 0.5 ug./ 
ml. Pregnanediol levels in plasma from human peripheral venous blood rise 
from 0.05 to 0.10 ug./ml. in the first trimester of pregnancy to 0.30 to 0.60 
ug./ml. in the third trimester (113, 114). At term, progesterone levels in 
blood from the human umbilical cord were 3 to 4 times higher than in ma- 
ternal peripheral vein blood. In the same samples, estriol levels in the fetal 
blood were 5 to 6 times higher, and estrone and estradiol-176 levels were 
definitely lower than in the maternal blood (115). Concentrations of the 
estrone-estradiol complex in human blood, although varying widely from one 
woman to the next, in a given subject were always higher at term than they 
were at the moment the umbilical cord was tied. The difference in estriol 


82 FORBES 


levels was not significant (116). If estrone-16-C'4 was added to human blood 
in vitro, 75.0 to 88.4 per cent of the radioactivity was subsequently detected 
in the plasma and the rest in the red cells (117). 

Peristaltic rocking of the chick embryo within the amnion has been known 
for more than a century. “‘Electroamniograms”’ recorded by the cathode ray 
oscillograph showed regular smooth muscle contractions in the amnia of the 
chick and of the snake Vipera berus (118). 

Study of fluctuation in body temperature in cattle during the estrous 
cycle and pregnancy revealed correlation of elevated temperature with pe- 
riods when progesterone is secreted (119). An extensive review of the litera- 
ture on human basal temperature changes and the puzzling fall in basal 
temperature after the fourth month of pregnancy in spite of supposedly in- 
creasing production of progesterone led to the hypothesis that the dience- 
phalic thermoregulatory center gradually becomes refractory to the thermo- 
genic effect of progesterone and estrogen (120). This hypothesis, however, 
does not seem to account for recent observations that circulating progestin 
levels are very low during human pregnancy. Systolic and diastolic blood 
pressures usually rise 10 to 20 mm. of Hg during labor in normal young 
primigravidae (121). 

Plasma electrolytes and protein of the human and ewe fetus in general 
increase during pregnancy, in some cases exceeding maternal concentrations 
(122). The prenatal age of the newborn may be estimated from the relative 
hemoglobin concentration of its blood (123). Maternal plasma volumes, on 
the average, are greater in prolonged pregnancy than in normal pregnancies 
at term (124). Whether plasma volume and electrolyte concentration fall 
after delivery is somewhat controversial (125, 126). 

Administration of the antimetabolite 6-diazo-5-oxo-l-norleucine interrupts 
pregnancy in mice and rabbits without causing death of the mother (127). 
Iron transport from maternal to fetal plasma increases steadily during preg- 
nancy in the rabbit (128). 

The rabbit blastocyst is brought to its implantation site by action of 
uterine muscle. Invasion of the uterine epithelium by the trophoblast occurs 
close to a capillary and is perhaps caused by local high pH (129). The level 
of uterine histamine in the rat uterus drops in the 24 hr. preceding implanta- 
tion (130). It seems likely that the edema and vasodilation of the rat uterus 
in the presence of estrogen are actually mediated by histamine (131). 

Deciduomata were induced in pseudopregnant rats without touching the 
uterus, simply by intraperitoneal or intravascular injection of histamine or a 
histamine releaser, further implicating this substance in the decidual cell 
reaction (132). Pseudopregnancy occurred in 20 to 50 per cent of adult female 
mice caged together in groups of up to 25, even though the females had been 
isolated from males since weaning. Pseudopregnancy was detected occasion- 
ally in individually caged females. The mice were of an inbred but unidenti- 
fied strain (133). 

The sodium concentration of the non-pregnant guinea pig uterus is sig- 
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nificantly higher when the uterus is under estrogen ‘‘domination”’ than when 
it is under progesterone ‘“‘domination”; potassium values do not differ sig- 
nificantly (134). 

Section of the female rat’s spinal cord between Ts and T12 on the day of, 
or after, a fertile mating did not interfere with fertility, implantation, preg- 
nancy, spontaneous delivery, lactation, or maternal instinct, although the 
mothers did require such special care as mechanical emptying of the bladder 
(135). Sympathectomy of the pregnant dog resulted in relaxation of the 
uterus; sympathectomy plus parasympathectomy resulted in cervical dila- 
tion and miscarriage or premature delivery (136). 

In pregnant rabbits 1 I.U. of oxytocin given intramuscularly 30 days 
after mating induces labor in 50 per cent of the animals; the same dose on 
day 31, in 94 per cent. Relatively huge doses of methylergometrine do not 
cause labor (137). Ergometrine has an “‘oxytocic’’ effect on the human non- 
pregnant uterus in the luteal phase of the menstrual cycle (138). Acetylcho- 
line does not affect human uterine motility unless given in very high doses 
(139). Extracts of human menstrual fluid or of human endometrium induce 
slow muscle contractions in vitro (140). 

The birth of human twins from a bicornuate uterus, one twin two months 
later than the other, seems to confound almost all theories attempting to ex- 
plain the initiation of labor (141). 

Direct recordings of amniotic-fluid pressures and intervillous-space pres- 
sures have been made in women and monkeys. Such recordings. reflect con- 
tractions of uterine muscle. Intravenously infused oxytocin in pregnant wom- 
en causes progressive increase in uterine contractions until the 36th week 
(142). In the intervals between human labor contractions, intervillous-space 
and amniotic-fluid pressures are nearly identical, even if the membranes 
rupture or oxytocin is given (143). Contraction of the human pregnant uterus 
may discharge as much as 250 to 300 ml. blood into the maternal venous 
system (144). The maternal cardiac output to the gravid uterus is of the 
order of magnitude of 500 ml./min (145). During pregnancy in the rhesus 
monkey, intervillous-space pressures are usually higher than amniotic-fluid 
pressures but considerably lower than average systolic and diastolic pres- 
sures in the maternal arteries, thus favoring the flow of blood from artery to 
intervillous space to maternal vein except as venous drainage is temporarily 
prevented by myometrial contraction (146). 

Injection of ethinyl estradiol into adult ovariectomized rats increases the 
uterine blood flow to three times the normal rate (147). Contractions during 
labor in sheep and dogs interfere significantly with uterine circulation. Blood 
flow drops sharply after separation and expulsion of the placenta (148). 

Motility of the human non-pregnant uterus as determined by frequency 
of contractions increases from menstruation to a maximum at ovulation, 
then diminishes during the luteal phase of the cycle. Motility continues long 
after the menopause (149). There is little change in the oxygen uptake in 
vitro of the human endosalpinx throughout the menstrual cycle (151). 
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Resting membrane potentials obtained by microelectrodes from rat uteri 


increase as pregnancy progresses except in areas of placental attachment 
(150). 


MAMMARY GLAND AND LACTATION 


In the castrated, hypophysectomized, male CHI mouse, injections of 
estrone and progesterone result in limited mammary duct growth. If growth 
hormone is also injected, there is more duct growth. If estrogen, progester- 
one, and prolactin are given, growth of both ducts and alveoli results. Great- 
est development of ducts and alveoli follows administration of all four hor- 
mones (152). Human growth hormone is mammotrophic in several strains of 
mice (153). Estrogen and progesterone stimulate mammary gland growth or 
lactation, or both, in the guinea pig (154), goat (155), and cow (156). The 
lactating mouse appears to secrete progesterone but not in amounts sufficient 
for the development of deciduomata (157). Feeding dienestrol diacetate to 
mice inhibits lactation (158). In rats, adrenalectomy prevents the lactation 
usually induced by treatment with estrogen and progesterone, but admin- 
istration of cortisone in addition is followed by lactogenesis (159). Injection 
of adrenal cortical hormone in normal and hypophysectomized lactating rats 
increases milk production (160, 161), as does injection of thyroxin (162), 
acetylcholine, and epinephrine (163). Blood volume and hemoglobin levels 
rise in the lactating rat, and there is a “‘lactation polycythemia” (164). 


HypopHysiIs AND HypoTHALAMUS 


Women excrete prolactin in the urine in the luteal phase of the menstrual 
cycle and during pregnancy (165). 

Injection of 1.4 ug. of prolactin will cause 50 per cent of hypophysecto- 
mized, terrestrial salamanders (Diemictylus viridescens) to seek water; this 
response provides the basis for a sensitive bioassay which has revealed pro- 
lactin in elasmobranch, teleost, and primate material (166). 

Complete denervation (by section of the spinal cord and lumbar sym- 
pathectomy) of the goat’s mammary gland did not interfere with established 
lactation or, apparently, with pituitary production of prolactin (167, 168). 
Hypertonicity of cerebral blood, accomplished by intracarotid injection of 
hypertonic saline, triggered the neurohypophysial milk-ejection mechanism 
of the rabbit (169). Concurrent electroencephalography revealed a short 
interval of EEG activity, usually coming from thedeep olfactory tubercle, 
10 to 15 sec. before milk ejection (170). 

Rapid mammary growth and active lactation follow reserpine admin- 
istration in normal but not in hypophysectomized rats. These effects are 
evoked by the drug in hypophysectomized rats carrying pituitary grafts, 
suggesting that endocrine rather than neural or vascular relations of the 
pituitary are involved (171). Injection both of oxytocin and of growth hor- 
mone increased galactopoiesis in the lactating rat (172). In the puerperium, 
small doses of oxytocin caused milk ejection (“let down’’), while larger doses 
interfered with milk secretion (173, 174). Ovariectomy of dogs did not pre- 
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vent spontaneous uterine contractions. Uterine activity and coincidental 
renal excretion of sodium and chloride were increased by intravenous injec- 
tion of hypertonic sucrose solution. Transection of the supraopticohypo- 
physial tracts or removal of the posterior lobe of the pituitary checked uterine 
activity and, in the former case, caused diabetes insipidus. Oxytocin was 
thereby implicated in spontaneous uterine activity (175). 

In hypophysectomized turtles (Emys leprosa), human chorionic gona- 
dotrophin (see Footnote 1) given from December to March stimulated the 
Leydig cells of the testis. If the hormone was given from May to July, when 
the gonads usually regress, spermatogenesis was reinitiated and the Leydig 
cells did not involute (176). Less mammalian luteinizing hormone than fol- 
licle-stimulating hormone was required to induce spermiation in the toad 
Bufo arenarum (177). It was found that FSH appeared in rat plasma within 
a week after ovariectomy (178). In women, injection of HCG was six times as 
effective in promoting ovarian estrogen secretion as was the human pituitary 
gonadotrophin found in urine; the latter hormone, FSH, and HCG differed in 
their gonadotrophic activity (179 to 181). Human urinary excretion of FSH 
and interstitial cell stimulating hormone during the menstrual cycle is highest 
at midcycle (182). Excretion of FSH is low in pregnancy (183). Serum levels 
of human HCG do not show significant diurnal variation in pregnancy (184). 

Since the uterus of the rat involutes less quickly after hypophysectomy 
than after ovariectomy, it is believed that some estrogen may be secreted 
after hypophysectomy (185). Castration increases, estrogen administration 
decreases the ICSH content of the male rat pituitary (186). Progesterone 
appears to block the release of pituitary LH in gilts (187). Vitamin Bg defi- 
ciency in rats decreases sensitivity to FSH and ICSH as compared to hypo- 
physectomized or immature animals (188). Old age likewise decreases sensi- 
tivity of the ovary to hypophyseal implants (189). The active principle of 
the plant Lithospermum officinale appears to exert its blocking effect by acting 
directly on gonadotrophins and thyrotrophin rather than on the pituitary 
(190). Several quinones have the same effect as Lithospermum (191). Deser- 
pidine, a Rauwolfia alkaloid related to reserpine, causes regression of the 
genital tract but stimulation of the mammary gland in male and female rats; 
the effect may be mediated through the pituitary (192). 

Intraocular transplants of ovary in the rabbit showed follicular enlarge- 
ment or corpus luteum formation if the transplants had vesicular follicles 
and if gonadotrophin was administered in adequate amount (193). Monkey 
anterior pituitary preparations regularly provoked ovulation in monkeys 
(194); sheep anterior pituitary preparations, sometimes. Electrical stimula- 
tion of appropriate areas of the hypothalamus was followed by ovulation in 
the anesthetized rat (195) and rabbit (196, 197) and by spermiation in the 
frog (198). Hypothalamic lesions in the rat induced precocious sexual devel- 
opment in females, changes in sexual behavior, ovarian hypertrophy, and 
predominance of estrus (199 to 201). Lesions in the anterior cerebral cortex 
caused testicular atrophy (202). Injection of copper sulphate provoked ovu- 
lation in the rabbit unless the nucleus hypothalamicus ventromedialis was 
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electrocoagulated or progestins were applied to it (197). Production of non- 
specific cerebral lesions in the anestrous ferret resulted in the precocious 
appearance of estrus (203). Ovulation in the proestrous rat was blocked by 
mesencephalic lesions (204). 

Grafting of the anterior pituitary of the adult male rat onto the immature 
ovary resulted in precocious puberty, but when the epiphysis was also grafted 
puberty did not appear (205). Autografting of rat pituitaries to the kidney 
resulted in regression of ovarian follicles and interstitial tissue but retention 
of luteotrophic secretion. If the grafts were retransplanted after 3 to 4 wk. 
to the median eminence, reproduction returned to normal, pregnancy some- 
times ensued, and thyroid and adrenal maintenance improved. Such results 
did not occur if the grafts were instead retransplanted to the temporal lobe 
(206, 207). These experiments are of great importance; they seem to indicate 
that in the rat hypothalamic control of pituitary function is mediated by an 
endocrine rather than by a neural mechanism. 


THYROID AND ADRENAL 


Exophthalmos is produced in various teleost fish by treatment with 
methyl testosterone, testosterone phenylacetate, thyroxine, and _ triiodo- 
thyronine, but not by estradiol dipropionate (208). Thiourea blocks mascu- 
linization by androgen of the anal fins of female Oryzias latipes, a Japanese 
fish (209). 

In the rat, hypothyroidism enhances ovarian sensitivity to gonadotro- 
phin; administration of desiccated thyroid or hypophysectomy abolishes 
the sensitivity (210). Thiouracil treatment of young sows significantly pro- 
longs gestation and increases embryonic mortality. Thyroprotein treatment 
lowers embryonic mortality (211). There is less circulating thyroid hormone 
in the rabbit fetus than in the rat fetus (212). After administration of thy- 
roxine or triiodothyronine to pregnant women, not enough of either sub- 
stance passes to the fetus to establish a maternal-fetal equilibriui:. (213). 

Urinary corticosteroid output in sheep drops near the end of pregnancy 
and rises again during lactation (214). 


SEXUAL PREcocITY, MODIFICATION OF SEX 


Gradual reduction, from the first week after hatching to 17 weeks of age, 
of ‘‘day-length”’ produced by artificial lighting delayed sexual maturity in 
pullets as compared to untreated controls, although the minimal experi- 
mental day-length was still 14 hr. 5 min. Thus, not absolute day-length but 
changes in day-length appear to affect sexual maturity (215). Testosterone 
propionate treatment beginning at birth does not induce precocious sexual 
maturity in male guinea pigs (216). Estrogens were not detected in the urine 
of normal girls aged 3 to 10 yr. but did appear in the urine of girls showing 
signs of sexual precocity (217). 

The adult serranid fish Serranellus subligaris regularly has both sperm 
and eggs. Individually isolated fish produced embryos and larvae (218). 
Feeding of pregneninolone, starting at hatching, to female Lebistes reticulatus 
resulted in masculinization of the secondary sex characters and conversion 
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of the ovaries to ovotestes (219). Administration of methyl testosterone to 
females of another fish, Oryzias latipes, had similar results (220), while treat- 
ment of larvae of the toad Pelobates and of the frog Pelodytes with estradiol 
benzoate resulted in pronounced feminization (221). Immature male turtles, 
Emys leprosa, treated with stilbestrol developed ovotestes (222). 

Administration of estrogen to pregnant mice results not only in feminiza- 
tion of the young but also in atrophy of the gubernaculum and failure of 
testicular descent (223). Treatment of pregnant women with methyl testos- 
terone or with progestins may cause partial masculinization of female 
fetuses (224, 225). Cases of varying degrees of human intersexuality continue 
to be reported (226 to 229). 





HORMONES AND METABOLISM 


Estradiol dipropionate and, particularly, a combination of estradiol 
dipropionate and testosterone propionate injections increased nitrogen re- 
tention in immature fowl (230). Stilbestrol pellets increased weight gain and 
fat deposition in turkey fryers (231). Administration of testosterone enan- 
thate, estradiol valerate, or 17a-hydroxyprogesterone 17-n-caproate had a 
similar effect in cattle (232). Estrogen increased the turnover of bone phos- 
phate in mice (233). 


STEROID HORMONE TRANSPORT, ACTION, INACTIVATION, EXCRETION 


Testosterone is promptly absorbed per rectum in man (234). Progesterone 
disappears with remarkable speed from sesame oil solutions when the latter 
are injected intraperitoneally in ovariectomized mice (235). 

Estrone, estradiol, estriol, and stilbestrol if injected subcutaneously with 
progesterone all have antiprogestational activity in terms of endometrial 
carbonic anhydrase content and uterine gland development (236). Methyl- 
estrenolone interferes with estrogen secretion in women (237). In experi- 
mental animals, various responses to estrogen are blocked by dimethyl- 
stilbestrol given intravaginally (238) and by 1(p-2-diethylaminoethoxy- 
phenyl)-1-phenyl-2-p-methoxypheny] ethanol (239). 

Partial (60 to 70 per cent) hepatectomy of immature rats retards and 
lessens fluid imbibition by the uterus (240). In vitro, the ability of fetal liver 
to inactivate estroge; is less than that of adult liver; the difference seems 
attributable specifically to the microsomes (241). The plasma progestin level 
in castrate mice implanted with 20 mgm. of progesterone in pellets was not 
significantly higher than in mice with 10 mgm. of pellets, bespeaking the 
ability of the mouse to dispose easily of considerable amounts of exogenous 
progesterone (242). 

When C'*-androsterone and C'*-etiocholanolone were injected into seven 
women, urinary excretion within a few hours accounted for nearly all the 
radioactivity, the unconjugated portion of the steroids having a half life in 
the plasma of only 20 min. (243). 

Urinary excretion of estriol, apparently of adrenocortical origin, is in- 
creased in the first year of childhood by administration of ACTH. Excretion 
rates are high in children with congenital adrenal hyperplasia, drop to normal 
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when cortisone treatment suppresses adrenal cortical activity (244). Urinary 
excretion of estrone and estradiol-17a@ is high in newborn male and female 
calves for 2 to 4 days, then drops rapidly, almost to the vanishing point 
(245). It is found that 168-hydroxyestrone occurs in human pregnancy urine 
(246). Estriol and pregnanediol excretion curves follow each other closely 
throughout the menstrual cycle (247). Estradiol-178 has been identified in 
the droppings of laying hens (248). Boars excrete an estimated average of 
1.60 mg. estrone and 0.86 mg. estradiol-178/1. of urine (249). 

In the human menstrual cycle, the peak in urinary pregnanediol excretion 
coincides approximately with the elevation of basal temperature, occurring 
one to four days after the peak of estrogen excretion (250). Pregnanediol is 
found in the urine of pregnant but not of anestrous ewes (251). In human 
pregnancy, urinary excretion of pregnanediol and placental content of pro- 
gesterone are closely correlated, again implicating the placenta as a major 
source of the hormone (252). 

From a summary of the literature it would appear that many investi- 
gators continue to contribute interesting and useful data on reproduction. 
However, no new major trends in thought or methodology during the period 
under study have come to the attention of the reviewer. 
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DEVELOPMENTAL PHYSIOLOGY’? 


By J. S. NicHoLas 
Osborn Zoological Laboratory, Yale University, New Haven, Connecticut 


During the past several years the investigations in this field have centered 
to a tremendous degree upon the cellular complex arising during develop- 
ment with a many-faceted study of the individual cell parts. While in many 
ways the attacks on this single element have been more definitely focused 
than previously, the degree of complexity of the major problems of differ- 
entiation has not lessened for in many cases we have moved only in descrip- 
tive vocabulary, changing from the physiomorphological to the chemical 
and sometimes to physical terminology. It is true that in realizing the relative 
complexity of specific cell components as functional entities we have ad- 
vanced considerably in this half century. We need a consolidation of our 
present position combined with a more vigorous attack on the physical prin- 
ciples involved before we can really synthesize the facts and factors which 
we, at present, intuitively place in a perspective of greater prominence than 
the future may show to be warranted. 

Unless some of these facts and factors can be combined into a coherent 
over-all picture, while recognizing the oversimplification, the direction of 
the present investigation may form new parameters without reaching the 
vital focal point, the physiology of the embryo. The necessity for this type 
of approach has resulted in a series of symposia which have done much to 
draw attention to the steps and advances in the methods by which this in- 
formation can be attained. There has been a retreat from the gadget worship 
which characterized the last decade and a growing tendency to recognize 
these as tools secondary to the primary objective. 

This is shown in Ebert’s (1) concluding remarks in his section of The Cell, 


The compound, “immunoembryology,”’ has been incorporated into the literature 
of the day, including these pages. It is a convenient term when used solely to designate 
the application of immunological tools to the solution of embryological problems. 
Indeed, there is only one embryology, upon which a combination of techniques from 
many scientific disciplines must be brought to bear. The word “immunoembryology” 


1 The survey of literature pertaining to this review was concluded June 15, 1959. 

2 The author has seen an exceptional array of material during the last three years 
dealing with the present and the future of Developmental Physiology. This has 
been a result of the increase in the number of symposia which has approached a 
world epidemic. The development of this mode of presentation has generally brought 
together birds of a feather in the light of their field of specialization. In some cases, 
it has outspecialized the specialization; in others it has been most useful in bringing 
some order into the subject. 

This review does not pretend to give a comprehensive coverage of the field but 
it does aim to give access to the bibliographies which are available, outside of the 
Russian. 
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has one unfortunate connotation. It has nurtured the overemphasis on embryology 
at the level of chemical description, a trend characterized earlier by studies enu- 
merating enzymes in ontogeny [Brachet (2)]. For better or worse, the embryology of 
the past decade has been, at least in large part, descriptive rather than analytical. 


I use Ebert's exact words rather than expressing this myself for it is the goal 
of the present as of the past embryologists to analyze development in order 
to synthesize the reactions necessary for an egg to become an embryo. As he 
further points out, there is little desire on the part of investigators to tackle 
long-term programs involving the necessary checking of any specific biologi- 
cal reaction by the use of all of the tools now available. This lack of desire is 
mirrored by the increase in the appearance of miniscule publications which 
supply the titles if not the substance of analytical attack. 

The most significant advance of the past decade has been the focusing 
of attention upon DNA. The earlier work founded on the Feulgen stain, con- 
tinued in the qualitative histochemical reactions, which could be stated in 
physical terms by photometry, has been placed on a more rigorous plane by 
actual chemical analyses determining the structure of the elements involved 
and giving at least a working idea of the arrangement of these elements. The 
study of the x-ray diffraction pattern [Wilkins (3)] where the results are still 
not clear may throw more light on this phase of DNA. 

From the earlier studies, the importance of DNA in cell metabolism was 
conjectured. Mirsky, Osawa & Allfrey (4) have been able to show in thymus 
nuclei that labeled amino acids are incorporated into the nuclear proteins. 
Treatment with DNase removes 90 per cent of the DNA in nuclei maintained 
in a sucrose medium. But 15 per cent of the histone is released although his- 
tone is attached to DNA in the nucleus. Fifty per cent of the histone is re- 
leased if the nuclei are similarly treated in salt solution. The activity of the 
nucleus is dependent upon the sucrose (0.25 M) and stops if the sucrose is 
removed. It stops also if the sucrose is hypertonic (0.50 1). 

In experiments [Allfrey & Mirsky (5)] in which the DNA of isolated 
nuclei was replaced by other polyelectrolytes, a striking change in biochemi- 
cal activity of the chromosome is correlated with a pattern of negative nu- 
clear charge. If this hypothesis proves tenable it is of interest in all fields 
dealing with developmental phenomena. 

In testing the Watson-Crick hypothesis for the replication of DNA, 
Meselson & Stahl (6) performed a transfer experiment in which E. coli fully 
labeled with N’ were permitted to multiply in N'-labeled medium. When 
the population of cells had just doubled in the N'* medium, all the DNA 
molecules in the culture were half labeled. After two doublings of the popula- 
tion, half-labeled and completely unlabeled molgcules were present in equal 
numbers. 

Taylor et al. (7) secured in Vicia faba root-tip chromosomes the same sort 
of reaction. They immersed the root tip for a short time in a liquid medium 
containing thymidine labeled with tritium. The distribution of label among 
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chromosomes was determined autoradiographically. From these studies 
Meselson & Stahl conclude that a chromosome consists of two subunits of 
which one segregate combines with different subunits. Furthermore, each 
subunit is transmitted intact throughout successive generations. They fur- 
ther add the poignant suggestion that “‘all in all, it appears that the chromo- 
somes of Vicia duplicate as if they thought they were Watson-Crick DNA 
molecules.” 

Since it is thoroughly established that bacteria may be transformed by 
the addition of DNA from related but different strains into more or less 
virulent forms or forms of greater or less resistance to antibiotics, these 
transformations have the features of a genetic transfer. Hotchkiss & Evans 
(8) have analyzed the sulfonamide resistance locus of Pneumococcus. They 
have shown that the relations in this form are more complex than in the cases 
cited above. Here the factors involved show that while a stable and highly 
resistant type of Pneumococcus can be isolated from a single selection step, 
its DNA can transfer the full resistance occasionally but more often gives a 
three-part sequence of linked markers. Six transformant types can be re- 
covered containing different combinations of the unit markers. 

The query may well be placed: what has this to do with developmental 
physiology? It has enabled those approaching the study of life processes from 
various and varied fields to see things in a way which has not been possible 
since the communication of the Cell Theory by Schleiden and Schwann. 
Unless some very clever people work thoughtfully and hard there is a pos- 
sibility that biology will undergo a unification which is quite different from 
the independent organizational movements which have characterized the 
first half of this century. While I would not by any manner of means term 
this an ecumenical movement, the DNA problem has encouraged more 
thought and experimentation than anything in the field. It is ironical that 
the work on the organizer produced diversion of interest in the chemical field 
rather than convergence. It is not beyond conjecture that the work on RNA 
and DNA may still throw light on this reaction which in itself is so classically 
clear but whose modus operandt is still so cloudy. 

While such experiments on DNA as have been reported here have not 
yet been carried out on dividing embryonic cells, considerable study of other 
nuclear changes has been carried out in embryos, particularly by micrurgical 
methods. 

Kopac (9) gives an excellent account of the whole problem of micrurgical 
studies on living cells. These have been successfully applied to the study of 
the amphibian egg, and nuclei from various stages of development have been 
tested for their ability to cause development of the enucleated egg. Briggs & 
King (10, 11) have been the most consistent workers in this field and first 
secured development by substituting a nucleus of the blastula (8000 to 
16,000 cells) for the female pronucleus after activation of the uncleaved egg. 
Moore (12) has secured similar results and Briggs & King give figures from 
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Subtelny’s (13) work which show essentially normal development. In Xeno- 
pus, Fischberg, Gurdon & Elsdale (14) report transfers of blastula and gas- 
trula nuclei with successful development. 

When Briggs & King employed early gastrula nuclei, they worked region- 
ally, taking material of either the presumptive ectoderm and medullary 
plate material of the animal pole, or marginal zone material already destined 
to become chorda mesoderm, and endoderm. The majority of their transfers 
gave positive results and the test eggs developed into normal embryos. 

When late gastrula (neurula) medullary plate and chorda mesoderm 
nuclei were used, very few cases of normal development resulted. When endo- 
derm of the anterior midgut region was used only 4 per cent of the test eggs 
developed into larvae. This compares with 77 per cent of larvae obtained 
with similar nuclei in the early gastrula stage. 

The experiments with endoderm nuclei indicate that changes in the capac- 
ity of the nuclei affect normal differentiation. King & Briggs (15) extended 
the work on nuclear specificity and stability by serial transplantation. The 
enucleated eggs will all be nucleated by the descendants of a single original 
endoderm nucleus. The individuals within a clone develop in a uniform man- 
ner. In a single clone the arrest of gastrulation occurs in all individuals of that 
clone. Successive generations within a given clone continue to develop in the 
same uniform fashion. The nuclear changes of differentiating endoderm cells 
are highly stabilized heritable transformations with the deficiencies consistent 
with the endoderm origin of their nuclei. 

While some of the concepts of the past should, as Grobstein (16) states, 
be winnowed, it might be wise to review Spemann’s 1938 Silliman Lectures 
and ponder on some of his statements of fact before proceeding to the chaotic 
condition through which the successive experiments have led. Certainly to 
Spemann there was a continuity in development which he rejoiced to describe 
in oversimplified anthropomorphic terms. To him development was a con- 
tinuum which had to be described in stepwise fashion. This was for conven- 
ience only and not because he considered the embryo to be developing and 
differentiating through active and inactive periods of response. His whole 
research career was founded on asking the embryo simple questions which 
are experimentally and intellectually possible of solution. 

Grobstein (16) gives an excellent background for the rather diffuse stud- 
ies which have recently appeared in this field. I refer to them as diffuse be- 
cause most of them deal with effects which are secondary and at present are 
not related directly with embryonic organization. They are peripheral in 
that they represent attempts to secure information, important as it may 
prove to be, on tissue interactions of various sorts. The experiments fall into 
several groups and are separated by Yamada (17) under the following head- 
ings: (a) study of exchange of substances between inducing and reacting 
systems by isotope technique; (b) determining the physical nature of the 
inductive agent by using filters with known porosity; (c) demonstration of 
diffusible agents by their inductive action on embryonic cells in vitro; (d) 
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electron microscopy of inductive interaction; and (e) isolation of substances 
obtained from adult tissues which may cause regional induction. Some of 
these will be described here with reference to the work of Grobstein (18), 
Niu (19, 20), and Yamada (21). Grobstein (18) found that metanephrogenic 
mesenchyme from 11-day mouse embryos does not form epithelial tubules 
when isolated in vitro but does so when in close association with inductive 
tissue such as ureteric bud epithelium, salivary rudiment epithelium, or 
embryonic spinal cord. He used three grades of filters with pore diameters of 
0.8+0.05 pw, 0.45 +0.02 u, and 0.1+0.008 u. 

All filters prevented cytoplasmic contact, and the amount of penetration 
of cytoplasm in the pores of the filter was determined by sectioning the filter 
along with the culture of the spinal-cord inductor and the mouse metanephric 
mesenchyme so that the relations of all three could be studied under the 
electron microscope. The activity responsible for the induction will pass an 
interzone of 30 yw in the finest filter and when larger pore filters are used will 
pass 60 to 80 » which seems to be the spatial limit. The conclusion is drawn 
that the inductive activity is resident in materials which are potentially 
extra-cytoplasmic. 

Niu (19) reports the inductions obtained by conditioning the medium by 
growing in it (a) dorsal lip of a stage 10 of Triturus torosus; (b) trunk medul- 
lary fold, stages 15 to 17; (c) posterior portion of the medullary plate, stages 
15 to 16; (d) notochord, stages 16 to 18; and (e) endoderm, stages 16 to 19. 
The ectoderm used throughout was from stage 10, and the explant consisted 
of a small group of about 15 to 20 ectodermal cells. The conditioning was 
accomplished by growing the inductor in the salt medium for 7 to 10 days 
and then adding the explant, T. rivularis ectoderm, which behaved as an 
explant of neural fold without being in contact with the inductor. If the con- 
ditioned medium was withdrawn completely from the inductor, the ectoderm 
reacted in the same way. It is assumed that the inductor releases substances 
into the medium which act in the absence of the inductor. 

When posterior medullary plate is used as the inductor it provokes muscle 
cell formation while the controls in salt solution remain epidermal. Niu takes 
this as evidence of specific inductor substances given by the two inductors. 
The time required for the inductor to act on the rivularis ectoderm is 24 hr. 

Spectrophotometric measurements of the conditioned media show a 
minimal absorption at 240 to 245 my with the maximal at 258 or 265 mu. 
This absorption resembles those given by nucleoproteins. Dialysis shows that 
the conditioned medium does not dialyze and supports the idea of a large- 
molecular-weight nucleoprotein. When the conditioned medium was con- 
centrated by evaporation 7 to 1 and when 3 volumes of 95 per cent ethanol 
were added, refrigerated over night, and centrifuged, a precipitate was ob- 
tained which was redissolved in salt solution. The ultraviolet absorption 
spectrum of the redissolved material was similar to the original conditioned 
media. The inductive activity was found in the material precipitated and not 
in the supernate. Ribonuclease greatly reduced the activity of the conditioned 
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medium; DNase reduced induction slightly; chymotrypsin had no effect. 
The reaction to the enzymes furnishes evidence that the nucleoprotein in the 
medium may be effective in induction. 

Niu is inclined to believe that when inductive extracts are prepared from 
mammalian tissues they induce structures which resemble embryologically 
the tissue source of the contained RNA. He presents the evidence for this in 
his 1958 paper (20), using as his test cases small pieces of early gastrula ecto- 
derm of Amblystoma tigrinum embryos, and he exposes them to extractives 
from various mammalian sources. After culturing, he notes that the explants 
treated with RNA from calf kidney had the appearance of tubule-like con- 
densations while those treated with liver RNA developed a morphologically 
different type of structure from those treated with any other extractive. In 
the 1958 paper he presents his evidence that RNA-derived calf thymus in- 
duced specific differentiation of thymus tissue in an Amblystoma tigrinum 
ectodermal explant. 

His method of embryological test is, in his own words: 


A known amount of the sample was dissolved in the salt solution and used to make 
hanging drop cultures of young ectoderm from Amblystoma tigrinum (stage 10). The 
volume of each culture was about 0.01 ml. The size of the ectodermal explants (ap- 
prox. 50 cells) was about one-sixtieth of the total presumptive ectoderm of an early 
gastrula. The cultures were kept 10 to 16 days at 19°-20°C. 

At the end of the culturing period, half were fixed for whole mounts and the 
others were freed. Using the tip of forceps, for implantation, the liberated culture 
was implanted between the epithelial and mesodermal layers of young larvae (stages 
30-34). The implants were uniformly located on the posteriodorsal flank, at the level 
of the yolk border of the posterior trunk. 


Niu gives the impression that the calf thymus gives excellent inductive 
percentages in its saline extract and its ribonucleoprotein fractions. The 
saline extract in four series of varied RNA content (190 cultures) gave, in an 
average of the four series, RNA content mg./ml. 43, neural differentation 56 
per cent, non-neural differentiation 17 per cent, no differentiation 27 per cent. 
Inductions secured were 73 per cent as compared with 15 per cent of the 
controls. 

By inactivating with RNase, 40 per cent of the RNA was removed with 
a loss of 15 per cent of activity. When this sample was adjusted to its previous 
RNA content its activity was restored 74 per cent, shifting the numbers of 
inductions secured to a much greater percentage of non-neural differentia- 
tions. This is a fourfold increase over the number secured in the thymus 
saline extract. He avers that this increase is associated with the undigested 
portion of the RNA component. The proof of this is not clear. 

When Niu cultured ectoderm in freshly prepared RNA (40 ug./ml.) he 
secured 14 neural, 3 non-neural, and 33 undifferentiated cultures. When he 
added a foreign protein (soy bean inhibitor) 100 to 300 wg. per ml., the ac- 
tivity rose to 58 per cent induction; 20 per cent neural, 9 per cent non-neural, 
and 21 per cent undifferentiated cultures. This, he says, indicates that pro- 
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tein plays a role in inductive differentiation but that the causative agent is 
RNA. This is a highly provocative paper. It is suggestive but not conclusive. 

Hayashi & Takata (22) present their findings on pentose mucleoprotein 
isolated from guinea pig liver and the morphogenetic effects of the subfraction 
separated by ultracentrifugation. They used as their test material explants 
of ectoderm from the early gastrula of Triturus pyrogaster. 

All the subfractions sedimented by centrifuging at 160,000 to 170,000 g 
for one hour caused weaker inductions than the uncentrifuged material. All 
caused inductions with the archencephalic type predominating [cf. Dalcq’s 
1957 classification (23)]. The bulk of the pentose nucleoprotein remains in 
the non-sedimenting subfractions and has strong deuterencephalic effects 
with weaker archencephalic effects. This is an example of a regional type of 
specificity as contrasted with specific tissue specificity, as assumed by Niu. 
In no case in the inductions produced here is there any evidence of liver cell 
structure. 

While growth and differentiation are different qualities of the embryo, it 
is interesting that Kutsky (24) has found that in chick embryo heart fibro- 
blasts, as determined by growth of the embryonic cells, the biological or 
growth factor resides in the purified protein factor which gave 6 per cent 
greater growth than when combined with nucleic acid as a nucleoprotein 
fraction. The high-polymer nucleic acid fraction is inert. The nucleoprotein 
prepared from adult chicken spleen is even more active as a growth promoter 
than the embryonic nucleoprotein. 

Chick embryo extracts also can be used for the study of induction. The 
Tiedemanns (25) reported this in 1956, and the induction results are given 
by von Woellwarth (26). He used small pieces of presumptive ectoderm of 
Triton alpestris as the indicators of inductive reaction. The best results were 
secured by diluting the chick embryo extract with Holtfreter’s solution 1 to 
8. The percentage of inductions in the large explants was above 80 per cent 
in 1 to 4 of extract and 1 to 8 dilution. In 1 to 17 it dropped to 25 per cent. 
In the small explants at dilution 1 to 8, less than 2 per cent showed induction. 
All explants which showed induction possessed mesenchyme and pigment 
cells. In most cases the nervous inductions were markedly deformed hind- 
brain, occasionally with ear vesicles. The embryonic extract constitutes a 
deuterencephalic inductor with a weak spinocaudal component. 

Yamada (21) repeats and advances the work which Toivonen (27, 28) 
began, using heat-treated bone marrow as the inducing agent. Bone marrow 
was removed from the long bones of the guinea pig and frozen. Later it was 
removed and spread in a thin layer on glass plates which were exposed to 
steam for 25, 40, 60, and 150 sec., then stored in 90 per cent alcohol at 5°C. 
The samples were removed and placed in Holtfreter’s solution and cut into 
pieces about 0.4 mm. in diameter. These pieces could be placed in sandwich 
explants consisting of two pieces, 1 mm. in diameter, of ectoderm from an 
early gastrula stage of Triturus pyrogaster beiween which is placed the bone 
marrow. Unheated bone marrow gives a high percentage of trunk-mesoder- 
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mal structure with nephric tubules, blood islands, and mesothelium. These 
observations confirm Toivonen’s work. With 25 sec. exposure of the bone 
marrow to steam, a considerable number of spinocaudal and deuterencephalic 
structures were induced. An axial system tended to be formed. In the series 
with 40 sec. of treatment, trunk-mesodermal induction was completely sup- 
pressed. Induced structures belonged either to the deuterencephalic or the 
archencephalic type, and non-regional inductions occurred. With 150 sec. 
exposure, the great majority of the explants developed into epidermis only; 
the decrease in inductive action of bone marrow steamed for varying periods 
shifts from ability to organize trunk mesoderm —spinocaudal —-deuteren- 
cephalic archencephalic—differentiated epidermis. This is the observed se- 
quence of regional types. 

Rounds & Flickinger (29) have studied the quantity and distribution of 
ribonucleoprotein at various stages of development during the process of 
organizer action (stages 10 to 15 Shumway) in Rana pipiens. This covers all 
the phases of neural induction of the neural fold stage. They also have carried 
out experiments on the passage of material from one layer to another by 
employing isotopes and antigens, to show the time and place of the passage 
of proteins and DNA. 

During the course of the quantitative determination of the RNA-DNA 
they have discovered new ways of separating the layers and by using low 
temperatures 5°C. have preserved the chemical constituents. One might call 
this low-temperature fixation. The yolk in the chorda mesoderm breaks down 
during invagination with the release of RNA to the cytoplasmic granules. 
The ratio of residual (granular) and soluble proteins to DNA is constant. 

When the presumptive neural ectoderm is becoming determined, the 
RNA content of the mesodermal residual (granular) fraction decreases with 
no increase in the ectodermal fractions. From the time of neural plate forma- 
tion, RNA synthesis is indicated in the mesoderm; at the time of neural tube 
formation it is in the presumptive neural ectoderm. The passage of radioiso- 
topes indicates that a small amount of nucleoprotein passes from the labeled 
adjacent mesoderm. The serological detection of Rana pipiens antigens in 
Taricha torosa ectoderm suggests the passage of antigenic substances from 
mesoderm to ectoderm. These had absorption spectra similar to nucleopro- 
teins. 

The study of recombination of cells to form aggregates freed from each 
other by the use of versene compounds and trypsin has given rather compli- 
cated results which require further analysis. As Puck (30) points out, ‘‘if the 
reproductive potential of each single cell is preserved, this procedure must 
be carried out without trauma.”’ Theoretically this is possible and in ex- 
perienced hands can be done with a high percentage of success. Puck, Marcus 
& Ciecciura (31) have shown that this can be done in their complete growth 
medium. So far their work has dealt mainly with adult human cells of various 
types, but Puck (30) states that one of the primary problems to which this 
method can be applied is 
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which of the different cell types arising during normal differentiative represent 
changes in genetic constitution which are relatively fixed, and to what extent are these 
merely adaptive responses, which all cells may exhibit when properly stimulated but 
which affect different cells differently, simply because of factors depending on physico- 
chemical, temporal and spatial relationships? 


Puck’s work has centered around the production of clones of cells chiefly 
derived from human sources. He is thus able to study cell characteristics in 
a manner reminiscent of Woodruff’s paramecium studies. 

Zwilling (32 to 34), Zwilling & Hansborough (35), Grobstein (18), and 
Moscona (36) have applied chelating agents to embryonic studies. Grob- 
stein’s work has been referred to above in detail with respect to tissue inter- 
action causing induction. Zwilling’s work deals with transplantation of em- 
bryonic wing and limb tissues and will be considered below. 

Moscona applied the method to the study of chimeras formed by reag- 
gregation of dissociated embryonic chick and embryonic mouse cells. The 
aggregates were cultured in vitro. When embryonic cells are treated with Ca- 
and Mg-free saline to which small amounts of trypsin are added, viable cells 
can be obtained. Embryonic cells are more susceptible to damage by versene 
than the adult cells used by Puck. Correlated with this they seem to have 
greater latitude for regulation after injury than the adult cells. Versene when 
used must be used with great caution and care to prevent damage to the cell 
walls and contents. 

Moscona secured tissues, chondrogenic, mesonephric, and hepatic, from 
3- to 5-day-old chick embryos and from 11- to 13-day mouse embryos. The 
cells were dissociated and the suspensions mixed as desired and placed in 1 cc. 
of culture medium. This consisted of 40 per cent chicken serum, 40 per cent 
chick embryo extract (12- to 14-day embryos), and 20 per cent Earl’s bal- 
anced salt solution. Horse serum occasionally was added up to 4 per cent of 
the above medium. The suspensions were then sealed and incubated for 24 
hr. when the medium was changed, and then the culture was continued for a 
day or two. The aggregates which had formed were then transferred to a 
plasma clot for further cultivation in watch glasses. 

When chondrogenic 4-day chick limb buds were mingled with cells from 
the limb buds of 11-day mouse embryos, in the proportion 1 chick to 2 mouse, 
and then cultured for 6 days, the sections show typical cartilage with mouse 
and chick cells interspersed. This is a true chimera and can be recognized as 
such by the distinctive staining reaction of each species type of cell. Not only 
are the cells morphologically distinctive but their staining reaction tells the 
observer at a glance what the condition and constitution of the aggregate is. 
The cultures were maintained for one month during which there was not the 
slightest evidence of deterioration or incompatibility. Liver tissue behaved 
in the same manner and the cells, regardless of genetic origin, constructed a 
common tissue fabric unchanged from their pre-established properties. 

When however, two diverse histogenetic types, chick cartilage and mouse 
liver, are reaggregated after dissociation the picture is quite different. The 
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cells show regional separation, the chondrogenic chick cells forming one or 
more central clusters while the liver cells are peripheral. In these cases the 
cartilage consisted solely of chick cells, the liver of mouse cells. 

The situation is even more striking in mixtures of chick mesonephric cells 
and mouse chondrogenic cells. Chick cells form areas of cartilage and mouse 
cells form nephric tubules; the reverse combination behaved similarly. These 
aggregates do not have the regular distributions as shown in hepatic and 
cartilage combinations but do group separately. 

By applying the same method to mouse melanoma cells (Sg 1) Moscona 
could study the arrangement of the aggregate and also the invasive reaction 
of the melanoma. The pigment serves as an additional marker. The chick 
chondrogenic tissue occupies the center of the aggregate and is invaded by 
the peripherally located melanoma. When chick hepatic cells are used, the 
liver forms around the centrally located melanoma. Like cells from unlike 
species mix to form a perfect chimera. The cell types do not change and the 
groupings are specific. 

Zwilling (37) has used dissociation methods in the study of the tissue 
layer dependence in chick embryos. When the ectoderm is removed and 
placed as a transplant upon the wing, the apical ridge is quite important in 
affecting the axiation of the resulting structures. He was able also to trans- 
plant duck embryo tissue into chick embryos and in this way to produce tis- 
sue chimeras without going to the level of complete cellular dissociation. 

Martinovitch (38) found that the entire forebrain region of the chick 
embryo could be replanted or transplanted with a fair degree of success. 
These experiments were extended by Pavlovitch (unpublished) who was able 
to hatch chimeras of Rhode Island reds, grafts, and white leghorn, hosts. 
One of these was kept alive for 90 days. Physiologically the graft was fully 
functional. Motor reactions were normal. The chick was able to differentiate 
between foods and manifested a distinct choice in cereals. Responses to light 
and sound were normal. The eyes were derived from the graft, the ears from 
the host. At about 70 days the growth rate of the chimera began to slacken 
and it began to lose weight as compared with the control. It was preserved at 
90 days after a complete moving picture of its responses was secured. The 
morphological study is not complete, but in an autopsy performed on a 
chimera which died about two weeks after hatching there was a marked 
stricture at the gastric pylorus so that food was not passing to the intestine. 
In both cases it is unlikely that the cause of death was at all directly related to 
the operation per se, but rather to incompatibility of tissues. 

The results of Moscona (36) and those of Martinovitch (38) indicate that 
the whole question of incompatibility of tissue will have to be further ex- 
amined since auto-, homo-, and xenoplastic combinations of embryonic cells 
can successfully occur. 

In the light of the above experiments Nicholas & Martinovitch (39) per- 
formed transplantations of rat embryo tissues into chick embryos. The fore- 
brain region of the chick embryo after about 30-hr. incubation was removed 
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and a similar graft taken from an early 10-day rat embryo placed in the 
wound bed. The most successful cases showed good chimeras with inter- 
mingling of the rat and chick tissues. This is particularly marked in the 
nervous tissues where the brain structures are in intimate initial contact. 

While the rat tissues differentiate well, the total amount of growth se- 
cured is never normal and regular. In many cases the growth is asymmetric 
and resembles the type of growth secured by total embryos when implanted 
on the chick chorioallantois. The chief reasons for the poor growth attained 
are the vagaries of the chick vascular system and the differences in the tissue 
consistencies during graft development. Where vascularity is complete the 
cells or structures form with great regularity, but since the rat tissues are 
much less fluid than those of the chick there is a tendency for the vessels 
carrying blood to the graft to herniate and break at the transitional host 
graft zone. This spontaneous rupture produces a hemorrhage which fre- 
quently prevents any revascularization of the graft in the area supplied by 
that particular vessel. 

All grafts take in the initial stages and only secondarily are beset by 
factors, largely vascu.ar, which prevent growth. There is no evidence of in- 
compatibility in the stages used. When the age of the rat tissue obtained for 
transplant is a 12-day embryo, most of the graft is lost because of vascular 
disturbance. No true chimeras have been secured. The edges of the nervous 
system do not join with their chick counterparts and what development oc- 
curs is fragmentary. The sections resemble Moscona’s (36) cultures when 
each part grows by itself rather than intermingling. 

The tissues from earlier rat embryos tend to be dislodged from the wound 
bed. They round up in miniature balls so that it is difficult to keep them flat 
because of the tissue consistency. Mechanical factors then are perhaps the 
major reasons for graft failures—not antitissue reactions as such. The anti- 
tissue reactions occurring in later transplantations have been dealt with by 
Medawar (40) and Billingham (41), and it is certain that antibodies will de- 
velop in adults to embryonic structures [Ten Cate & van Doorenmaalen 
(42); Woerdeman (43); and Beloff (44)], but embryo tissue in embryos does 
not seem to engender the same response. 

In this connection it is known that antibodies can serve as excellent 
tracers in embryos and have been so utilized by Brambell and his co-workers. 
Brambell (45) has reviewed the findings of the more than a decade of work 
along this line. Diphtheria, tetanus, and Clostridium welchii toxins were used 
as antigens. Sera were produced in rabbit, guinea pig, man, dog, cow, and 
horse. By ingenious injection methods they have determined the mechanism 
of transmission of these substances in the rabbit. Many of their findings have 
now been confirmed in the guinea pig [Barnes (46)]. 

Immune globulin does not pass from mother to fetus through the placenta, 
but it will pass through the bilaminar omphalopleure, the chorion, and the 
amnion. These membranes are non-selective and permit the passage of het- 
erologous globulin as readily as homologous. The outer surface of the yolk- 
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sac wall also is permeable but it is selective and prefers rabbit antibodies to 
those of other forms. The gut of the fetal rabbit is impermeable to immune 
globulin as is the inner surface of the yolk-sac splanchnopleure. 

Since the immune globulins were employed to determine the pathways to 
the embryo, it might be well to spend some time reviewing the nutritional 
materials which enter into embryonic metabolism. A new approach to the 
problem has been used by Bellairs (47) who has used the electron microscope 
to determine steps in yolk-conversion into cellular material. She discards the 
idea that yolk is an inert, inactive storage of food, and in her examination of 
five different early stages of chick embryos has been able to trace some of the 
changes which occur as the intracellular yolk drops are converted into cyto- 
plasm. 

Her observations were made on the primitive streak, axial tissues, area 
pellucida, and the area opaca. She defines the yolk beneath the blastoderm 
as primary yolk; the yolk drops within the blastoderm are termed secondary 
yolk which is intracellular. The secondary yolk is divided into turee types; 
type a has either a dense core surrounded by a less dense region or a fairly 
uniform granular appearance; type b is homogeneous throughout and is 
electron dense. Type a is generally larger than type b although there is con- 
siderable overlapping in size. The yolk drops are larger at the anterior end of 
the primitive streak. The third type is referred to as a complex yolk drop, 
containing both the type a and type D as well as mitochondria, vacuoles, and 
various particles. In the primitive streak stage, 5 per cent of the yolk drops 
are complex, 37 per cent are type a, and 58 per cent type b. The complex and 
type a decrease percentagewise by the 10-16 somite stage, while the type b 
increases to 92 per cent. This latter figure may be more apparent than real, 
for observations of other regions in the embryo show a reduction of type b 
also. 

The complex yolk drop is thought to be an early stage in the conversion 
of primary yolk and contains types a and b. The membrane around the com- 
plex drop breaks down, liberating its content into the cytoplasm. Type a 
drops are derived !argely from the fluid part of the primary yolk and may be 
considered to be protein or lipoprotein mixtures. The final stage of type a 
yolk drops is the formation of circular bodies that are membranes which 
appear as two dark lines separated by a light line. These are thought to con- 
tribute to the endoplasmic reticulum. The type b drops appear to have a high 
fat content which differs qualitatively from the fat of the primary yolk. 

In the chick embryo, Boell (48) states, carbohydrate, protein, and fat 
are used in sequence, and this study of the yolk utilization would seem to 
substantiate this. Lgvtrup (49), however, believes that this sequence can be 
altered; but as Boell points out, the oxidation of all of them can bring about 
the generation of high-energy phosphate bonds which is all that an embryo 
needs for its developmental processes. 

Just what the origin or function of the mitochondria may be is not clear. 
Bellairs (47) suggests that their enzymes could be applied usefully in yolk 
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digestion. Lehninger (50) puts the mitochondria into the picture by stating 
that their activity is responsible for practically all the respiration of the in- 
tact cell and the generation of the ATP formed from ADP and phosphate in 
aerobic cells. Isolated mitochondria require only substrate, Mg**, phosphate, 
and ADP for nearly maximal activity. 

In his study of the metabolic patterns in the sea-urchin embryo, Kavanau 
(51) has given us a complete picture of the amino acid content of the un- 
fertilized but aged-in-sea-water embryo and a comparison with the changes 
shown during various stages after fertilization. It is interesting to compare 
his studies with those of Pasteels, Castiaux & Vandermeerssche (52, 53) who 
have studied the same species for cytochemical localizations and ultrastruc- 
ture. The mitochondria when abundant tend to be arranged as rosettes 
around individual lipoidal granules. The perinuclear area which is particu- 
larly rich in ergastoplasm contains only a few scattered mitochondria. 

In fishes, Smith (54) has traced the utilization of the main food supplies 
by the time and rate of heat production. Since the trout eggs will not tolerate 
transfers, Smith’s first determinations were made on the 12th day. He uses 
Hartmann’s findings to fill this gap. A 90-mg. egg contains 6.6 mg. of fat of 
which 0.57 mg. would be consumed giving 5.1 cal. of heat; protein loss was 
1.7 cal. making a total of 7.0 cal. per egg. Smith feels that a reasonable esti- 
mate is 6.0 cal. per egg. Triglyceride fat is the important metabolic sub- 
strate between fertilization and gastrulation in which his own measurements 
begin. From hatching to the 65th day the embryo grows more than tenfold, 
the embryo requires 11.0 cal. for growth and 23.6 for maintenance. From 
the sixty-third day to the seventy-third day, it takes 14 cal. for growth and 
45.9 cal. for maintenance. 

Spratt (55) has analyzed his studies on the nutrient necessities for chick 
development. He explants the chick blastoderm after 18 to 30 hr. of incuba- 
tion. In non-nutrient media such as buffered Ringer, development ceases 
within an hour. Glucose, the naturally occurring hexoses, and sodium pyru- 
vate and sodium lactate give a utilizable fraction to the embryo. These 
did so when adopted as the sole source of carbon to a medium-supported 
development. 

Brain is more exacting in its carbohydrate requirements than the heart, 
and metabolic inhibitors can completely suppress development of spinal 
cord and brain while the development of the heart proceeds. Albumen is 
distinctly superior to the glucose media in supporting elongation, growth, 
and somite formation. 

Spratt has worked with minimal quantities of the nutrients in an attempt 
to separate various embryonic activities. Maintenance levels may be met by 
low nutrient supply, thus separating this supply from the embryonic ac- 
tivities of movement, differentiation, and growth for which higher nutrient 
levels are required. 

The evidence concerning the presence of enzymes very early in develop- 
ment has been summarized by Moog (56). Since enzymes are of evident 





108 NICHOLAS 


interest for the purpose of the liberation of energy for development, the 
counterparts of the various enzymes discovered by the chemists must 
eventually be accounted for in the embryo. 

Moog approaches the subject by correlating the growth patterns of 
enzymes with the maturation of the tissue of which they are a part. In the 
eye, she traces the changes in activity of apyrase, cholinesterase, and glu- 
tamotransferase through cellular differentiation and visual maturation in 
the chick embryo. Similarly, she traces the developmental events in chick 
embryo liver with the changes in alkaline phosphatase, peptidase, and glu- 
tamotransferase. 

As Zwilling (37) states, ‘“‘It would be very nice if I would present a story 
of limb development in terms of enzyme-substrate systems or specific pro- 
tein synthesis.”’ While this goal has not so far been attained, Zwilling himself 
has made an excellent start on the study of interaction between the limb 
mesoderm and ectoderm and in the reactions of dissociation cells of the wing 
bud. When wing bud mesoderm is reassociated and placed under ectoderm, 
spikelike structures are secured which resemble the spikes which were ob- 
tained in wingless mutants. When chick and duck limb buds are inter- 
changed, the ectoderm of either form can induce outgrowth of the mesoderm 
in the other. 

Zwilling (32) also has examined the relations of limb bud ectoderm and 
mesoderm in the chick embryo. When the limb bud ectoderm is rotated 
180°, the axial relations conform to the original mesoderm axis; when the 
ectoderm is rotated 90°, the graft is oriented with the original axes of the 
ectoderm. Zwilling postulates that only part of the original limb mesoderm 
is involved in the establishment of a new limb system. Experimental dupli- 
cate limbs also were studied [Zwilling (33)]. 

Further studies of the chick wing and limb have been conducted by 
Chaube (57). She found by color markings that the wing mesoderm has 
reached its definitive position by the 2-somite stage. When right limb buds 
from stages 8 to 11 were transplanted to hosts of stages 16 to 18, some of the 
grafts formed left wings. The anterior-posterior axis is fixed by stage 8. 
Polarization of the dorsoventral axis occurs at stage 11 (13 somites). The 
time necessary for fixation of the dorsoventral axis is about two hours. 

Zwilling’s studies on xenotransplants and dissociation combined with 
Chaube’s on axiation approach nearer the goal of reducing further the cellular 
and chemical bases for differentiation. 
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INTRODUCTION 


Definite advances have taken place, during the period covered by this 
review, in our understanding of several aspects of renal physiology and water 
and electrolyte metabolism. Perhaps most noteworthy are those which have 
localized in the nephron the sites of various tubular processes by application 
of a variety of different investigative techniques. In addition to localizing 
several reabsorptive and secretory processes, the sites of action of diuretics 
and of certain hormones have been revealed. By microcatheterization studies, 
as well as by micropuncture measurements, fluid from almost all portions of 
the nephron has been sampled and data compiled which will have to be ex- 
plained by any consistent theory of the concentrating mechanism. Perhaps 
the death blow has been struck to the concept of active water transport, 
both by direct tissue analyses of water activity and by the apparent move- 
ments of water secondary to solutes in the renal concentrating mechanism. 
The problem of how solutes, particularly ions, are transported, however, still 
remains the major one in this field. 


MorpHOLOGY 


Rhodin (1, 2) has reviewed the fine structure of the kidney. The structure 
of the glomerulus seems to have received the most attention until recently 
and its details reveal its eminent suitability as a filtering surface (3, 4). Spiro 
(5) presents electronmicroscopic studies on kidneys from three patients with 
nephrotic syndrome and two with subacute and chronic glomerulonephritis 
with proteinuria. The common denominator structurally, so far as proteinuria 
is concerned, is the existence of defects in the basement membrane of the 
glomerular loops. The normal basement membrane seen by electronmicros- 
copy consists only of the homogenous membrane with smooth parallel edges 
which is 2000 to 2400 A thick in man and dog [Mueller (3)]. By light micros- 
copy the foot processes arising from the visceral epithelial cells are also 
included in the structure termed the ‘“‘basement membrane’’. As the base- 
ment membrane of the glomerulus is the only layer in the glomerulus which 
does not normally contain visible perforations, it seems reasonable that it 
constitutes the filtration barrier and that its integrity is essential for the 
absence of proteinuria. 


” 1 The survey of literature pertaining to this review was concluded June 1, 1959. 
Because of limitations of space, material published only in abstract form has been 
included only when particularly pertinent to the discussion. 

2? Among the abbreviations used in this review are: mOsm. (milliosmols) and 
PAH (p-aminohippurate). 
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Kurz (6) has studied the fine structure of the developing human renal 
glomerulus. He observes that the Malpighian corpuscle develops as a mass of 
epithelial cells in continuity with the convoluted tubule surrounded by only 
a sparse and incomplete layer of basement membrane material. The develop- 
ing capillary tuft originates as broad sheets and cords of endothelial-like cells 
and becomes invested by penetration of the visceral epithelial cells. No signs 
were seen of invagination of a hollow viscus, which is the usual way of pictur- 
ing the relations of visceral and parietal epithelial cells in the glomerulus. The 
important basement membrane is a product of both the endothelial and the 
visceral-epithelial cells. 

Moore, Sharman & Symonds (7) have reinvestigated the curious rapid 
postmortem autolytic change which occurs in the cortical tubules of rats 
deficient in vitamin E. 


RENAL CIRCULATION 


The re-evaluation of intrarenal circulation of blood which was stimulated 
by the provocative paper of Pappenheimer & Kinter (8) continues to have 
repercussions. Autoregulation of flow has been demonstrated by Weiss et al. 
(9) to occur in the isolated rat kidney in the absence of red cells. A cell-free 
dextran perfusate was used and the characteristic constancy of flow was seen 
in spite of increases in the perfusion pressure (autoregulation). Weiss et al. 
conclude that autoregulation does not involve a cell-separation mechanism. 
Thurau & Kramer (10) have also reinvestigated autoregulation and conclude 
that it is only possible because of the normally low tonus of the renal vascula- 
ture. When vascular tonus is increased, autoregulation disappears and the 
kidney circulation responds to increased perfusion pressure as any other 
organ does. 

Lassen, Longley & Lilienfield (11) injected I'!-labelled human or canine 
serum albumin into dogs, removed the kidneys 3 to 60 min. later, and com- 
pared the I'* concentration per gram of renal papilla with that per milliliter 
of plasma. A mean ratio of 0.35 was obtained which exceeds any reasonable 
estimate of the volume of blood present. This suggests either an albumin 
space of 35 per cent or an increased intravascular concentration of albumin, 
or both. The fact that globulin concentrates less than albumin suggests an 
extravascular location of some of the albumin while the increased concentra- 
tion in the papilla of an intravascular esterase, bound to plasma proteins and 
measured histochemically, was interpreted as evidence for intravascular 
concentration. 

Simultaneous red cell and plasma albumin transit times were measured 
through the kidney by Lilienfield & Rose (12). The transit time for red cells 
was less than that for plasma albumin at both high and low velocities of blood 
flow. However, the calculated hematocrits in both instances were almost 
identical and averaged 88 per cent of the arterial hematocrit. These results 
fail to support the cell-separation hypothesis of Pappenheimer & Kinter (8). 
This study suggests the existence of long-circuit plasma or albumin paths 
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through the kidney which at either normal or low pressure and velocity of 
flow are too narrow at their entrance to permit passage of red cells. The extra- 
vascular albumin which mixes rapidly with vascular albumin is thought to 
account for the long-circuit albumin paths. 

Lilienfield, Rose & Lassen (13) injected Cr*-tagged red cells and ['4- 
tagged human serum albumin into dogs and then compared the radioisotope 
content in different zones of the kidneys with their concentrations in arterial 
blood. In the cortex the calculated hematocrit was about one-half that of 
arterial blood, and the cortical vascular volume calculated from the sum of 
the red cell and albumin values was considerably larger than the figure ob- 
tained by latex injection studies. Hence it was concluded that much albumin 
is extravascular even in the cortex. No cortical zone of high red cell concen- 
tration was found to fit the expectation for the cell-separation hypothesis; 
however, the outer medulla had the highest red cell content per 100 gm. of 
tissue. The inner papilla had both the lowest red cell content and the highest 
albumin content per 100 gm. of tissue of any zone. Unless one assumes a 
relatively low intravascular volume in the papilla, the data suggest a low 
intravascular hematocrit as well as extravascular and perhaps concentrated 
albumin in this region. 

Although Lilienfield and associates interpret their results as being con- 
trary to the cell-separation hypothesis, no explanation is offered for their 
finding of a low medullary and papillary red blood cell content. Rennie, 
Reeves & Pappenheimer (14) measured the oxygen tension of urine from the 
renal pelvis and found this to be considerably lower than that of renal venous 
blood, which finding they felt cannot be readily explained by classical renal 
hemodynamics. By assuming urinary oxygen to be equilibrated with peri- 
tubular capillary blood, the authors calculated the peritubular hematocrit 
relative to the arterial hematocrit. The hematocrit ratio so calculated aver- 
aged 0.52 for high-extraction kidneys or 0.96 for low-extraction kidneys, thus 
relating low iodopyracet (Diodrast) extraction to failure of cell-separation. 
Although the authors make reasonable calculations to support their assump- 
tion that urinary oxygen tension and that of peritubular venous blood are 
equal, one may have some reservations regarding the validity of this assump- 
tion, until the permeability of renal tubular epithelium to oxygen is known. 
An alternative possibility was recognized which involves equilibration of 
urinary oxygen with medullary blood, provided that the hematocrit of medul- 
lary blood is low. Such a low hematocrit of medullary blood has been demon- 
strated (13), as mentioned. 

An essential feature of the countercurrent concentrating mechanism of 
the renal medulla is a blood supply devised not to wash away the hypertonic 
medullary interstitial fluid rapidly. This effect of the medullary circulation 
can be minimized by having the blood flow to the medulla also participating 
in its own countercurrent exchange as discussed by Wirz (15) and Berliner 
et al. (16). The structural arrangement of the arteria recti in the medulla 
would seem to satisfy this functional need. Wirz (15), and more recently 
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Gottschalk & Mylle (17), demonstrated that the blood in the papilla shares 
the hypertonicity of the extravascular fluid in this region. A mechanism 
which shunted the red blood cells out of these hairpin hypertonic medullary 
vessels would serve to spare the circulating cells from the osmotic shock which 
exposure to such hypertonicity might produce. Such a mechanism would 
account for the findings of both Pappenheimer & Lilienfield and would in- 
volve some sort of postglomerular separation of cells and plasma. 

The literature on the renal circulation has been reviewed by Winton (18) 
who concludes that for the present both a cell-separation mechanism and a 
vasoconstrictor mechanism must be invoked to account for ali the experi- 
mental evidence pertaining to autoregulation in the kidney. 

Some characteristics of the renal circulation were determined in the dog 
by the rapid injection of ‘“‘non-diffusible” I'-tagged albumin together with 
various small molecules into a renal artery and by the subsequent collection 
of renal venous blood in two-second periods for analysis [Freis et al. (19)]. A 
comparison of the results with values similarly obtained for the human fore- 
arm revealed for the kidney: (a) delayed rather than simultaneous peak times 
for the transit of diffusible as compared with the non-diffusible reference 
substance; (b) a greater net per cent loss of diffusible substances in the early 
portion of the transit curves; and (c) a reduced ratio of “equilibrium” time 
(the time until net return and net loss of the test substance from the blood 
are equal) to peak times indicating a more rapid return of diffusible substance 
into the circulation. These results are interpreted as consistent with the 
larger pore size in the renal capillaries, especially of the glomeruli, than in the 
capillaries of the forearm. The results confirm the earlier studies of Chinard 
and co-workers (20). 

A method of measuring renal blood flow intermittently by sudden com- 
pression of the renal vein and measurement of the resulting rate of increase 
in renal weight which is a function of the rate of blood inflow has been de- 
scribed (21). 

The effect of change in renal venous pressure upon renal vascular resist- 
ance, urine flow, and lymph flow rates has been studied (22). The same 
workers studied the effects of change in the rate of blood flow upon the renal 
vascular resistance (23). Hinshaw et al. (24) suggest that renal tissue pressure 
normally acts as a collapsing force on renal blood vessels, producing a positive 
arteriovenous pressure difference at zero blood flow. 

In a study of the effects of circulatory and renal adjustments to the acute 
opening of bilateral femoral arteriovenous fistulas, it was observed that renal 
circulation fell only in proportion to the drop in the general systemic circula- 
tion and not to a greater degree [Murphy et al. (25)]. This finding is in con- 
trast to the usual view that the renal circulation is compromised to a greater 
degree than the general circulation whenever the latter is in jeopardy. 

The renal circulation has been investigated in patients with coarctation 
of the aorta and found not to differ from the renal circulation in normotensive 
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subjects, but it was markedly different from that in hypertensives [Kirkendall 
and co-workers (26)]. 

Breathing 30 per cent carbon dioxide produced marked reduction of renal 
blood flow with oliguria or anuria [Stone et al. (27)]. The renal ischemia was 
prevented by pharmacological block of the renal nerves with tetracaine in- 
jected into the peripelvic area of the kidney. It was postulated that the renal 
ischemia observed in these experiments was a component of a generalized 
centrally induced vasoconstrictor response to the inhalation of a high con- 
centration of carbon dioxide. 

A method of local cooling of the kidney in vivo has been developed which 
considerably extends the tolerance time of the kidneys to damage from renal 
ischemia [Birkeland et al. (28)]. This should prove of value during vascular 
surgery which may jeopardize the renal circulation. 

Maluf (29) has analyzed the internal diameter of the renal arteries as seen 
by x-ray examination following the intra-aortic injection of radiopaque con- 
trast medium. He concludes that a narrow renal artery is always indicative 
of reduced renal function but that an artery of normal caliber by aortography 
does not necessarily imply normal function. 

Aviado, Wnuck & DeBeer (30) have tested the effect of a large number of 
sympathomimetic drugs on renal blood flow in anesthetized dogs. The effect 
of intrarenal arterial injection of a drug was often found to be the opposite 
of its effect when injected systemically. Results ranged from a constricting 
effect through no effect to a dilatory effect on renal vasculature. Emanuel 
et al. (31) have found that serotonin injected directly into the renal artery 
increases renal vascular resistance by some means unrelated to extrinsic 
nerves and catecholamines without producing regular changes in urine flow. 

Munck (32) has published his extensive studies on renal circulation and 
function in acute renal failure. Using krypton® to measure renal blood flow 
during both the oliguric and diuretic phases, he found reductions to about 
one-third of normal during both phases. Oxygen consumption was reduced 
in proportion to renal blood flow, and no correlation existed between blood 
flow and function of the kidney as measured by endogenous creatinine clear- 
ance and urine flow. The greater validity of the gas diffusion technique than 
of the direct Fick estimate for measurement of renal blood flow in oliguric 
subjects is pointed out. 

Evidence that all glomeruli are not normally patent to the flow of blood 
at any one time has been obtained by Hartman & Bonfilio (246). A fluorescent 
dye was injected to label the patent glomeruli, and an increase in count of 
stained glomeruli in one kidney occurred regularly after removal of the con- 
tralateral kidney. 


TUBULAR FUNCTIONS 


Excretion of organic compounds.—The excretion of organic anions by the 
kidney has been reviewed by Sperber (33). Foulkes & Miller (34) proposed a 
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detailed scheme for the steps in p-aminohippurate (PAH) transport of kidney 
slices. First (35) they demonstrated in the rabbit that PAH is concentrated 
in the renal tubular cell but does not appear to undergo any further concen- 
tration during its transfer from cell to tubular lumen, confirming earlier work 
of Forster & Copenhaver (36). This was determined by measuring the con- 
centration of PAH in the urine during massive osmotic diuresis and finding 
this figure not in excess of the estimate of the concentration of PAH in total 
renal cell water. Unidirectional measurements of influx and efflux of C'- 
labelled PAH revealed the existence of two intracellular fractions of PAH. 
One fraction is readily diffusible and rapidly equilibrates with extracellular 
PAH. This fraction includes total water under ordinary conditions of study, 
but at 0°C. the PAH space equals only the inulin space. The second fraction 
equilibrates only slowly and is responsible for the high tissue-to-medium con- 
centration ratios for PAH. The movement of PAH through the tissue was 
considered to occur in four steps: first is the diffusion of PAH from the me- 
dium into the extracellular space in the tissue; second is a facilitated diffusion 
step at the peritubular cell membrane; third is the accumulatory process 
within the cell which builds up the high tissue concentrations of PAH; fourth 
is the transfer of PAH across the luminal border of the cell into the tubular 
lumen. The rate constants for each step were estimated, and the action of 
inhibitors was localized in this sequence. Thus 2,4-dinitrophenol, octanoate, 
iodopyracet, and cold inhibit both the facilitated diffusion into the tubular 
cells (step two) and the intracellular accumulatory process (step three) 
while probenecid (Benemifl) and 9-a-fluorohydrocortisone acetate depress 
only step two. The effect of acetate in stimulating the ability of kidney slices 
to accumulate PAH (37) was ascribed to an enhancement of both steps two 
and three. This scheme seems to constitute a definite step toward our under- 
standing of renal tubular transport processes. 

Displacement of intracellular PAH from rabbit renal cortex slices by 
various transfer competitors and by some factors which influence metabolism 
has been studied by Copenhaver & Forster (38). When slices with accumu- 
lated PAH were placed in media free of PAH, acetate and pyruvate were 
found to diminish the rate of loss of PAH from slice to medium. Dinitrophenol 
as well as all the organic acids which are known to inhibit uptake of PAH 
competitively, on the other hand, accelerated the loss of PAH from the tissue. 
The competitive inhibitors of uptake lost their ability to displace PAH from 
slices in the cold. The results are interpreted as indicating the presence of an 
intracellular carrier for PAH from which transfer competitors may displace 
intracellularly accumulated PAH by complexing with the common carrier. 
Both Foulkes & Forster (private communications) have pointed out that 
such a complexed state for PAH accumulated within the cell need not neces- 
sarily mean a loss in chemical activity of the PAH. In fact, if the combination 
occurs with some intracellular constituent to yield a high-energy complex, 
the actual transference across the luminal border into the urine could occur 
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without requiring further concentration, as appears to be the case (vide 
supra). 

The nature of the depression of the maximal rate of tubular transport of 
PAH in dogs anesthetized with pentobarbital was investigated in vitro using 
rat kidney cortex slices [Stgren (323)]. Pentobarbital sodium in concentrations 
comparable to those found in plasma during anesthesia significantly depressed 
the accumulation of PAH by the kidney slices. Simultaneously, oxygen con- 
sumption was reduced. Acetate, which restored tissue respiration, failed to 
stimulate PAH uptake. Kinter (39) has presented evidence that in Necturus 
kidney, iodopyracet and PAH excretion is the net result of simultaneous 
reabsorption out of and secretion into the urine. 

Vishwakarma & Lotspeich (40) have studied the excretion of malic acid 
by the dog during infusion of several intermediates of the Krebs cycle. 
Citrate, a-ketoglutarate, and succinate promoted a net tubular secretion of 
malate. By inhibiting succinic dehydrogenase with malonic acid, the net 
tubular secretion of malate disappeared, and only filtration through the 
glomerulus with subsequent reabsorption of malate was seen. Interestingly, 
infusions of fumarate greatly increased the reabsorptive capacity of the 
tubules for malate, and this stimulation of reabsorption was not prevented 
by malonic acid. 

Soupart (41) has determined quantitatively the daily excretion in the 
urine of 22 free amino acids and taurine in healthy adult males and females. 
Scribner et al. (42) have demonstrated that certain basic amines are excreted 
by a pH-dependent non-ionic diffusion. Lathem (43) has studied the excre- 
tion of hemoglobin by normal subjects. A linear relationship was found be- 
tween the excretory rate and plasma level of free hemoglobin. The glomerular 
clearance of hemoglobin averaged about 5 per cent of the inulin clearance, 
and no definite tubular reabsorption could be demonstrated. 

Glucose-—The absence of sugar from the urine has long been attributed 
to its active reabsorption largely in the first part of the proximal tubule. This 
early work on the localization of glucose reabsorption by the direct micro- 
puncture technique has lent validity to the stop-flow technique by which the 
zone for glucose reabsorption is found to be coextensive with that for PAH 
secretion (44). By inference, following release of the compressed ureter, the 
fluid obtained which contains the peak PAH and minimal glucose concen- 
trations is defined as having a proximal tubular origin. 

Though the site of glucose reabsorption can be localized, the nature of the 
reabsorptive process remains unsolved. Chinard et al. (45) have contributed 
some important negative information regarding this process. They injected 
C'4_labelled glucose together with creatinine and T-1824 into the renal artery 
and measured their appearance curves in urine and venous blood. Relative to 
T-1824, creatinine recovery in renal venous blood averaged 75 per cent and 
glucose recovery averaged 98 per cent. The differences in the time concentra- 
tion curves of glucose and of creatinine disappeared after administration of 
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phlorizin and were considered to represent reabsorbed glucose. During re- 
absorption little, if any, of the injected glucose was converted to non-volatile 
carbon compounds and no more than 0.2 per cent was oxidized to carbon 
dioxide. Hence, no breakdown and resynthesis of glucose occur during the 
reabsorptive process. The transit time of reabsorbed glucose across the tubule 
cells averages 10 sec. 

Krane & Crane (46) have studied some aspects of the accumulation of 
sugars by slices of rabbit kidney cortex incubated in vitro. D-Galactose-1-C™ 
added to the medium is accumulated by kidney slices against an apparett 
concentration gradient. In the absence of oxygen or in the presence of 4,6- 
dinitro-o-cresol, the amount of galactose entering the cell was limited to that 
expected for diffusion equilibrium. In the absence of metabolic inhibitors the 
amount of galactose accumulated by the slices in a given time depended on 
the external galactose concentration. The accumulation was reduced by the 
simultaneous presence of glucose in the medium, the degree of reduction de- 
pending on the relative concentrations of the two sugars. Phlorizin was found 
to inhibit the entrance of galactose into the tissue cells not only under condi- 
tions in which accumulation can occur but also when accumulation had been 
inhibited by dinitro-o-cresol. If entry of the sugar into the cell when accumu- 
lation is suppressed by dinitro-o-cresol is a passive process, then phlorizin 
must act on the cell membrane to alter its permeability characteristics to 
galactose. 

The action of phlorizin on glucose reabsorption by the kidney has been 
restudied in vivo. Using a constant infusion of phlorizin, Lotspeich & Woron- 
kow (47) found that it effectively blocked glucose reabsorption at concentra- 
tions equivalent to those required to block glucose transport in vitro. Phlorizin 
appears to act as a non-competitive inhibitor of glucose transport with an 
action distinct from that of 2,4-dinitrophenol. The authors felt their results 
were consistent with the view that the site of action of phlorizin is on the cell 
membrane. 

Segar (48) found that cooling anesthetized dogs in an ice bath resulted in 
excretion of all the filtered glucose. Kanter (49) found a marked depression 
in the maximal rate of tubular reabsorption of glucose in anesthetized dogs 
with a body temperature of 27°C. An associated reduction in filtration rate 
also occurred. 

Measurements of both the renal threshold for glucose and the tubular 
reabsorption of glucose have been investigated in pregnant and non-pregnant 
women [Christensen (50)]. The results indicate that the renal threshold for 
glucose is diminished during pregnancy, whereas Tmg is not. The low thresh- 
old was thought probably to be ascribable to an increase in glomerular filtra- 
tion rate. 

A somewhat surprising action of glucagon is that of transiently enhancing 
the excretion of sodium, chloride, and potassium in man [Elrick et al. (51)]. 
A somewhat more sustained increase in the excretion of phosphate was ob- 
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served. These effects of a single intravenous injection of glucagon were un- 
related to changes in filtration rate, renal blood flow, urine flow, or blood 
glucose levels. They were thought to result from changes in tubular function. 

Localization of tubular activities —Since its recent introduction by Malvin, 
Suilivan & Wilde (52) the stop-flow technique for the localization and study 
of renal tubular processes has proven to be a fruitful one. References have 
already been made in this review to its use. Judging from the recent Federa- 
tion Proceedings (March 1959), application of this technique is spreading 
rapidly. 

Briefly, this technique consists of clamping shut one ureter of an anes- 
thetized animal during an osmotic diuresis. Intratubular pressure rises until 
flow ceases in the nephron. The activity of the tubular epithelium in contact 
with the stationary column of fluid in the tubule lumen produces exaggerated 
changes in the composition of the tubular fluid. On release of occlusion the 
diuresis flushes the concentration pattern along each nephron. By making 
rapid serial urine collections, the concentration pattern may be preserved. 
The first samples to enter the collector come from the most distal areas of the 
nephron and show low sodium concentrations. The appearance of proximal 
fluid is heralded by high PAH concentrations and lowest glucose concentra- 
tions. Glomerular fluid is indicated usually by the appearance of inulin which 
had been injected just prior to release of the ureteral clamp. Graphical pres- 
entation, with concentration (or concentration ratios) on the ordinate plotted 
against accumulated volume on the abscissa, allows one to reconstruct the 
changes in composition of fluid which resulted from the prolonged period of 
contact with the tubular epithelium. To reconstruct the approximate position 
a given sample of urine occupied in the nephron, use is made of knowledge 
obtained earlier, largely by the micropuncture technique, regarding the sites 
of glucose reabsorption and PAH secretion proximally and of sodium reab- 
sorption and acidification distally. By comparing the changes in these con- 
stituents with those of another under investigation, one can approximately 
localize the site of tubular modification of the concentration of the constitu- 
ent under study. 

It is perhaps surprising that the subsequent flow through the nephron, 
pelvis, aud ureter doesn’t distort the concentration even more than it ap- 
pears to. Wilde & Malvin (53) have devised a graphical method of deriving 
the locus of transport sites along the nephron on the assumption that the 
splay in the concentration profile is caused only by the presence of short and 
long nephrons among the nephron population of the kidney. In addition to 
this factor and the mixing which must occur when flow is re-established, 
Rennick, Evans & Moe (54) have reported that substances secreted at one 
site in the tubule move along the nephron during the period of occlusion 
leading to broadening of the curves. This effect is undoubtedly attributable 
to the continued distal reabsorption of fluid which allows some continued 
filtration and flow down the proximal nephron during the period of occlusion: 
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the so-called ‘‘reabsorption-replacement”’ recognized by Malvin, Wilde & 
Sullivan (44). The fact that all proximal fluid must subsequently pass through 
the distal tubule where concentrations may undergo considerable further 
modification sets an additional limitation to characterization of events in the 
proximal tubule by this technique. 

Using this technique the following processes have been localized. PAH 
secretion and glucose reabsorption overlap and the site of these activities 
defines proximal tubular fluid (44). Sodium, bicarbonate, and chloride are 
most strongly reabsorbed at some distal site (55), but some bicarbonate re- 
absorption and perhaps chloride secretion can be localized to the proximal 
tubule (56). Potassium and ammonia secretion occur distally as does most 
of the urinary acidification (57). Phosphate reabsorption is chiefly a proximal 
tubular activity (44, 57). Mercurial diuretics are secreted proximally and act 
to block proximal sodium, chloride, and water reabsorption (58, 59). Ace- 
tazoleamide blocks the distal acidification and ammonia secretion, causing 
loss of sodium, potassium, and bicarbonate into the urine (57). Chloro- 
thiazide appears to block proximal reabsorption of sodium and potassium, 
but to stimulate distal potassium secretion (60). 

The most controversial consequence of this new technique has been the 
conclusion reached by Malvin et al. (55) that the reabsorption of sodium 
proximaily is a passive process. They have considered the increased oncotic 
pressure of the serum proteins in the postglomerular capillaries which sur- 
round the proximal tubule to provide the major driving force for an isotonic 
reabsorption of sodium and water proximally. As such a system would be 
sensitive to alterations in the filtration fraction which would in turn deter- 
mine the colloid osmotic pressure of serum proteins, Vander et al. (61) have 
proposed that the high filtration fraction seen in congestive heart failure 
may be directly responsible for the excessive sodium retention in that condi- 
tion. 

This provocative suggestion perhaps would readily explain their results 
but doesn’t seem to be the only alternative. Their entire argument hinges on 
their finding that the calculated concentration of sodium in the fluid reab- 
sorbed from the proximal tubule during stop-flow appears to be the same as 
the plasma concentration. To indicate that sodium is actively reabsorbed 
they ask that its concentration in the reabsorbate be higher than the plasma 
sodium concentration. This would result in a fall in concentration of sodium 
in the luminal fluid, as water is retained in the tubule by the osmotic activity 
of the diuretic and sodium would be reabsorbed against a concentration 
gradient. However, such a sequence of events may not be necessary in order 
to define active sodium reabsorption. An active sodium transport system of 
high capacity, but weak in the sense that a slight gradient of sodium con- 
centration across the tubule would stop its activity, together with a high 
permeability to water would explain the findings equally well. 

That only very small forces may be necessary to cause proximal reab- 
sorption of sodium and water has been emphasized by Malvin et al. (55). 
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This is true only if the proximal tubular epithelium is very permeable to the 
salts of sodium and to water. With a filtration fraction of 0.2 the increase in 
the normal oncotic pressure of the serum proteins (the normal total serum 
proteins are equivalent approximately to 1.0 mOsm./I.) would suffice to 
reabsorb more than the 85 per cent of sodium and water estimated to be 
reabsorbed proximally, if the proximal tubular epithelium were as permeable 
to water and solutes as is the glomerulus. However, the increase in creatinine 
concentration of about 0.6 mM secondary to reabsorption of water proxi- 
mally would be more than enough to offset the reabsorptive activity of the 
0.2 mOsm./Il. of serum protein. If one now adds the increase in urea concen- 
tration of some 12 to 20 mOsm./I. to that of non-absorbable creatinine, the 
inadequacy of the small rise of plasma protein oncotic pressure to cause the 
reabsorption of 85 per cent of the glomerular filtrate volume is apparent. 
Actually the active back reabsorption of some 6 mOsm./I. of glucose in the 
proximal tubule would provide a much larger driving force for water than 
would the plasma proteins, and Malvin et al. (55) have discussed this added 
reabsorptive force consequent to active reabsorption of glucose. 

It is the very small magnitude of these forces which makes it difficult to 
conclude anything about the presence or absence of active sodium transport 
in the proximal tubule by such techniques as the stop-flow method. At best 
one can only exclude the presence of a powerful sodium pump such as is 
evidently present in the distal tubule. With knowledge at its present state 
one can draw up a balance sheet of osmotic forces to support or oppose the 
need for an additional active sodium transport proximally, depending on 
one’s personal bias. It seems for the present that on this point we must turn 
to more direct forms of evidence, which clearly seem to indicate active so- 
dium transport by the proximal tubules, at least in some species. 

Shipp et al. (62) have described their micropuncture and microperfusion 
methods which Schatzmann, Windhager & Solomon (63) have used to dem- 
onstrate that reabsorption of water in single proximal tubules of the Necturus 
kidney is inhibited by metabolic inhibitors known to interfere with active 
sodium transport. Although the sodium concentration in the proximal tu- 
bular fluid of the Necturus nephron remains identical with that of the plasma 
[as found earlier by Bott (64)], sodium is transported actively against an 
electrical potential of some 20 mv., the tubule lumen being electronegative 
to the outside as demonstrated by Giebisch (65). Whittembury and co- 
workers (66) were able to demonstrate that all water movement was second- 
ary to solute reabsorption in the proximal tubule of Necturus. It appears that 
water permeability is high through the tubule cells, allowing rapid attain- 
ment of equal water activities inside and outside the tubule. However, when 
an oncotically active solute, dextran, was placed directly within the lumen 
of the proximal tubule, the relatively weak active sodium transport did 
manifest itself by a limited drop in intraluminal sodium concentration 
[Oken et al. (67)]. 

The characteristics of the active sodium transport in the proximal tubule 
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of Necturus are just those which would lead to results similar to those ob- 
tained by Malvin et al. (55) from their stop-flow analysis of the dog kidney. 
Unfortunately, direct information as complete as that available for Necturus 
kidney is not present for the mammalian kidney. However, measurements 
of the transtubular epithelial electrical potential have been made on the rat 
by Solomon (68). As in Necturus, a potential is regularly obtained across the 
proximal tubular epithelium of approximately 30 mv. with the luminal side 
electronegative to the outside. By analogy with other membranes (69, 70) 
this constitutes circumstantial evidence in favor of active sodium transport 
by the proximal tubular epithelium in the mammal. It is extremely unlikely 
that such electrical potentials could arise solely in consequence of passive 
solute and water reabsorption. The mobility of the chloride ion in dilute 
solutions is slightly greater than that of sodium so that development of a 
streaming potential consequent to passive movement of sodium chloride 
solution through the tubular cells should create a potential oriented in a 
direction opposite to that observed. If, however, the membrane offers a 
greater resistance to passage of chloride ions than to sodium ions, e.g. fixed 
negative charges along the pores, then a streaming potential oriented in the 
observed direction might result. In order to cause transmembrane potentials 
of the order of 20 mv., much larger differences in oncotic or osmotic pressure 
would be necessary than those postulated by Malvin et al. (55) to cause 
passive reabsorption of sodium and water. Schatzmann, Windhager & Solo- 
mon (63) have estimated that 1 atm. of pressure is sufficient to produce a 
separation of electrical charge equivalent only to 0.02 mv., assuming as a 
limit zero mobility of chloride in the membrane. (If the membrane is per- 
meable to chloride, as must be the case, even higher pressure differences 
would be required than estimated here.) Hence some 1000 atm. pressure 
difference across the tubular epithelium would be required to produce the 
observed 20 mv. potential in the presence of equal sodium and chloride con- 
centrations in luminal and peritubular fluid. As 1 atm. of pressure is equiva- 
lent to a concentration difference of 44.5 mOsm./I., it is evident that oncotic 
pressures many-fold larger than those postulated would have to exist to 
produce net reabsorption of sodium and water in the presence of such elec- 
trokinetic phenomenon. It seems, therefore, likely that active sodium trans- 
port occurs in the proximal tubule of the mammalian kidney but that the 
forces are weak and net reabsorption is quickly stopped by a drop in sodium 
concentration in the luminal fluid. Windhager & Giebisch (71), in micropunc- 
ture studies in rats, reported measurements of significant gradients for 
chloride and sodium across the proximal tubular wall during osmotic diuresis 
with mannitol. 

According to the view presented here the important contribution made 
by Malvin and his co-workers (55) has been to marshal evidence which dem- 
onstrates the effectiveness of even small oncotic or osmotic gradients across 
the proximal tubular epithelium in facilitating water reabsorption and hence 
preventing drop in intraluminal sodium concentrations. It is in this role that 
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a high filtration fraction, an active glucose reabsorption, etc., may augment 
water, and hence sodium, reabsorption proximally, while active sodium trans- 
port dependably determines the correct direction for the net movements of 
fluid. 


URINE CONCENTRATION AND ANTIDIURETIC HORMONE 


The concentrating mechanism.—The proposal originally made by Hargitay 
& Kuhn (72) of a countercurrent system in the renal medulla as essential to 
the production of hypertonic urines by the mammalian kidney has gained 
further support, and its detailed operation has been further elucidated. Wirz, 
Hargitay & Kuhn (73), from cryoscopic measurements, provided the first ex- 
perimental evidence for such a hypothesis when they found a steadily in- 
creasing osmotic gradient from the cortex to the tip of the papilla. These 
cryoscopic results were confirmed by Ullrich & Jarausch (74) who demon- 
strated a progressive increase in the concentrations of sodium, chloride, urea, 
and creatinine in the medulla as the papillary tip was approached. Wirz (15) 
showed that the medullary blood took part in this concentrating process 
in the medulla by demonstrating that blood from the vasa recta at the tip of 
the hamster papilla was as hyperosmotic as the urine. 

By micropuncture or microcatheter techniques, fluid has now been suc- 
cessfully sampled from nearly all segments of the mammalian nephron and 
provides facts which any consistent hypothesis for the urinary concentrating 
mechanism will have to take into account. Walker et al. (75) established that 
the fluid from Bowman’s capsule and from the first two-thirds of the proxi- 
mal tubule of several mammals was isosmotic with plasma. This has been 
confirmed by Wirz (76) and by Gottschalk & Mylle (17). Gottschalk & 
Mylle (17) recently obtained fluid from the bends of the loop of Henle deep 
in the medulla and found it to be equally hyperosmotic with fluid in the col- 
lecting tubules and vasa recta. Wirz (76) sampled distal tubular fluid in 
hydropenic rats elaborating hyperosmotic urine and found it to be hypo- 
osmotic in the early distal convolution but isosmotic from the late distal con- 
volution. Fluid from the distal convoluted segment was hypo-osmotic 
throughout during a water diuresis. These concentrations of distal tubular 
urine have been confirmed by Gottschalk & Mylle (17). Hilger, Kliimper & 
Ullrich (77) sampled fluid from various levels in the collecting tubules by 
microcatheterization and demonstrated a progressive increase in concentra- 
tion toward the tip of the papilla. In addition to passive back reabsorption 
of water they found an active reabsorptive process for sodium. (Other im- 
portant results of the microcatheterization technique are considered else- 
where in this review.) 

In addition to the earlier views on the operation of the concentrating 
mechanism proposed by Hargitay & Kuhn (72) and modified by Wirz (76), 
three new schemes have been suggested in the past year all of which preserve 
the principle of a countercurrent system and differ only in details as to how 
the hypertonicity of the medullary zone develops. Berliner et al. (16) pro- 
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posed that sodium was actively transported out of the water-impermeable 
thin segment of the loop of Henle in the medulla, thus concentrating the 
medullary interstitial fluid but diluting the tubular contents. The more re- 
cent evidence mentioned (17) of the hypertonicity of the fluid from the tips 
of Henle’s loop contradicts this concept. Gottschalk & Mylle (17) returned to 
a scheme not differing greatly from that proposed originally by Wirz, 
Hargitay & Kuhn (73). An active transport out of the entire ascending limb 
of the loop of Henle increases medullary interstitial fluid sodium concentra- 
tions. By passive diffusion of sodium (and of urea) into the descending limb 
of the loop, a countercurrent multiplier is established which accounts for 
progressively rising concentrations toward the papilla in all structures. The 
vasa recta are considered to participate in the countercurrent system thus 
preventing the blood flow to the medulla from washing away the concentra- 
tion gradients, as indicated earlier by Wirz (15) and Berliner e¢ al. (16). 
Active urea transport, as well as sodium reabsorption, is thought perhaps to 
occur in the thick ascending portion of the loop of Henle. Urea is considered 
to move passively into and out of the collecting tubule depending on exist- 
ing concentration gradients and sodium to be outwardly transported, as 
shown by Hilger, Kliimper & Ullrich (77). Antidiuretic hormone is thought 
to increase the permeability of the distal convoluted tubule to water thus 
rendering its contents isotonic on entry into the collecting system and, per- 
haps, to stimulate sodium transport in the thin ascending limb, which would 
increase the concentration of the medullary interstitial fluid. 

Ullrich (78) considers that the thin limbs of the loop of Henle play a pas- 
sive role and that active sodium reabsorption occurs only in the thick por- 
tion of the ascending limb [Ullrich & Pehling (79)]. To account for the in- 
creasing concentrations in the remainder of the countercurrent system of the 
inner zone of the medulla, Ullrich suggests the active sodium reabsorption 
from the collecting tubule (77). This view circumvents the old objections to 
any active process in the thin limbs of Henle’s loop based on the morphology 
of this portion of the nephron. Whether sufficient sodium reabsorption can 
occur from the collecting tubule to maintain the increasing concentrations 
down to the tip of the medulla remains to be proven. However, as sufficient 
back reabsorption of urea from the collecting tubule is thought to account for 
its high concentration in the medulla (74), perhaps sufficient sodium may be 
actively reabsorbed from the tubule to account largely for its high concen- 
trations in the inner medulla too. Ullrich’s view seems most consistent with 
the morphology of the renal tubular epithelium in the various parts of the 
nephron (2). However, before excluding the possibility that the thin seg- 
ment of the loop may be involved in active transport, it should be recalled 
that the active transport process may be a function of the cell membrane 
along just one surface of a layer of cells [Koefoed-Johnsen & Ussing (80)]. 

The unique and important role played by urea in the renal concentrating 
mechanism has been suggested and supported with experimental studies by 
Berliner and co-workers (16, 81, 82) as discussed elsewhere. 
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Lamdin (83) has reviewed the renal concentrating mechanism. He 
points out the difficulty in explaining the rapid antidiuretic effects of anti- 
diuretic hormone on the basis of current views if in fact the medullary osmot- 
ic stratification is dissipated during water diuresis. He suggests, as have Gott- 
schalk & Mylle (17), that stimulation of active sodium transport by the anti- 
diuretic hormone may accelerate the re-establishment of the hypertonic 
medullary interstitial zone. It seems likely that the explanation of the 
action of antidiuretic hormone will involve not only its effects on water 
permeability and sodium transport but also its specific effect on permeability 
to urea. 

Ginetzinsky (84) has made interesting observations on the excretion of 
hyaluronidase in the urine. During antidiuresis or osmotic diuresis, hyalu- 
ronidase activity in the urine remains high while it drops to low levels during 
water diuresis. These results are interpreted to show that antidiuretic hor- 
mone stimulates the apocrine secretion of hyaluronidase by the epithelium 
of the collecting duct. The secreted enzyme, it is thought, rapidly depoly- 
merizes mucopolysaccharide complexes of the intercellular cement and base- 
ment membrane, rendering the lining of the tubule increasingly permeable to 
water. Such a concept of the hormone has considerable appeal. However, 
when, in the reviewer’s laboratory, hyaluronidase in large amounts was ap- 
plied to either side of the isolated toad bladder it had no effect on the per- 
meability of this membrane to water and urea or on the active transport of 
sodium, although vasopressin subsequently added showed its usual highly 
specific effects on the permeability of this tissue. 

Factors affecting concentration.—A variety of factors have been shown to 
modify or decrease the effectiveness of the renal concentrating mechanism. 
Epstein, Rivera & Carone (85) found that hypercalcemia induced by the ad- 
ministration of calciferol to rats selectively impaired renal concentrating 
ability with little or no effect on blood urea, urea clearance, or phenolsulfon- 
phthalein excretion. Morphological changes in the kidneys were sparse and 
consisted chiefly of lesions affecting the collecting tubules. Sanderson (86) 
compared the effects on the kidney of an acid, high calcium, high phosphorus 
diet with that of calciferol. Renal calcium and inorganic phosphorus content 
increased and urine concentrating ability diminished with both. However, 
the serum calcium became elevated only in the rats receiving calciferol. 
Therefore, Sanderson considered that it was the high rate of urinary excre- 
tion of calcium which impaired concentrating ability, rather than hyper- 
calcemia per se. Hinze (87) found in man that intravenous infusions of cal- 
cium led not only to an increased excretion of water, sodium, and chloride but 
also to an inhibition of potassium secretion and to an increase in hydrogen- 
ion secretion. When hydrogen-ion secretion was reduced by acetazoleamide, 
the inhibitory effect of intravenous calcium on potassium excretion was still 
present. 

Giebisch & Lozano (88) confirmed that administration of deoxycorti- 
costerone to dogs on a high sodium diet results in potassium depletion. Re- 
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duction of maximum urinary concentration during hydropenia and reduction 
of the absorption of solute-free water during mannitol diuresis and vaso- 
pressin administration were observed. Stopping deoxycorticosterone and 
giving potassium reversed the concentrating defect. Hydrocortisone failed 
to produce potassium depletion in dogs and failed to affect the renal con- 
centrating ability. The most reasonable interpretation of the results was 
thought to be that deoxycorticosterone and potassium depletion diminished 
the permeability to water of the renal epithelium of the distal tubules and 
collecting ducts. Levinsky and co-workers (89) reported a decrease in maxi- 
mum urine concentrations in dogs on a low salt diet with or without deoxy- 
corticosterone. As a low sodium diet should prevent potassium depletion, the 
effects seen by Levinsky were not ascribable to potassium loss. Thus it is 
possible that the effects described by Giebisch & Lozano were the conse- 
quence of the administered corticosteroid rather than of the associated 
potassium depletion. 

Fourman & Leeson (90) suggested that in addition to creating a renal 
lesion causing polyuria, potassium depletion and hypercalcemia may pro- 
vide a direct biochemical stimulus to the thirst center. Epstein & Rivera 
(91) examined the renal concentrating ability in thyrotoxic patients and 
found no impairment. Hypothermia was found to reduce concentrating 
ability in dogs [Hong & Boylan (92)]. 

In contrast to several earlier reports (93 to 95) Raisz, McNeely & Saxon 
(96) found that the urine to plasma osmotic ratio achieved in hydrated sub- 
jects following infusions of vasopressin was as high as the values obtained 
during moderate dehydration without exogenous antidiuretic hormone. Dur- 
ing hydropenia the osmotic urine to plasma ratio was not found to be con- 
stant but tended to vary inversely with the concurrent rate of solute excre- 
tion (97) and to be depressed by heavy exercise (98). Buchborn et al. (99) 
described their clinical methods for differentiating which phase of the renal 
concentrating process is impaired in a given case. 

Levinsky & Berliner (100) examined the reabsorption of water and solute 
across the ureter and bladder under conditions of low urine flow. At flows of 
1 ml./min. or less, changes in concentration of water, urea, sodium, potas- 
sium, chloride, creatinine, and hydrogen ion occur, all in the direction of 
their concentration gradient. They estimate that at flow rates of 0.1 ml./ 
min. the fluid continuously collected from the bladder may have an os- 
molality about 10 per cent less and a urea concentration 15 per cent less than 
the fluid entering the ureter. More pronounced effects may be expected if 
urine is allowed to accumulate in the bladder during 30-min. periods at the 
same flow. This tendency of urinary constituents to achieve diffusion equi- 
librium with body fluids during their slow passage through the extrarenal 
collecting system may lead, during low rates of flow, to inaccurate conclu- 
sions regarding events in the kidneys based on examination of bladder urine. 

Levinsky, Davidson & Berliner (101) reported studies on the effect of 
prolonged water and vasopressin administration to dogs. The initial de- 
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crease in urine volume persists for several days only [Davis, Howell & Hyatt 
(102)] after which the urine concentrations fall by about 50 per cent in spite 
of continuous administration of pitressin. This drop in urine concentration 
was not directly related to glomerular filtration rate (which showed only in- 
consistent increases) or to an osmotic diuresis. However, it permitted the 
animals to achieve a new steady state of water balance with a dilute plasma. 
No definite mechanism was postulated for the decreased response to vaso- 
pressin, but the evidence was thought to suggest interference with the re- 
sponse of the tubule itself, representing either an effect of overhydration on 
the permeability of the tubular epithelium or an effect secondary to in- 
creased adrenal cortical hormones. 

Studies have been made on hydropenia in cats and dogs to assess the 
minimal water needs of these carnivores [Prentiss et al. (103); Wolf et al. 
(104)]. It was found that cats fed a diet containing inadequate water to pre- 
vent death from hydropenia can survive and even correct a previously in- 
curred water deficit when given access to sea water to drink. This situation 
can exist even though the salt concentration of the sea water may exceed 
the maximum salt concentration attainable in the urine. This in effect may 
occur because the ‘‘metabolic water” can help to dilute the urinary salts 
while the total urinary osmolality, comprised largely of nitrogenous waste 
products, is considerably greater for this species than is the osmolality of sea 
water. Factors modifying water metabolism in rats fed dry diets have been 
investigated by Radford (105). 

The relationship between urinary concentration expressed as osmolality 
and its specific gravity has been considered [Isaacson (106)]. By considering 
the osmolality to specific gravity relations for common urinary constituents 
separately, the not infrequent divergences encountered clinically between 
urine osmolality and specific gravity could be explained. 

Bricker and associates (107) studied the concentrating and diluting abil- 
ity of the diseased kidney in dogs in whom unilateral chronic renal disease 
had been induced. They found little reduction in the maximum urine to 
plasma osmolar ratios and no decrease in the reabsorption of solute-free 
water expressed per 100 ml. of glomerular filtrate in the diseased as com- 
pared with the normal kidney. Hence, if the uremic state is avoided by the 
presence of one normal kidney the remaining nephrons of the diseased kidney 
show little or no impairment in handling water. The isosthenuria of chronic 
renal disease seems therefore to be the result of the disproportion that de- 
velops between the quantity of solute to be excreted and the decreasing 
number of nephrons available. As the diet and metabolism of the patient 
with chronic renal failure yields essentially the same load of solutes to be ex- 
creted per unit time as it does in the normal, although the number of 
nephrons remaining in his kidneys is markedly reduced, the solute load per 
nephron must be high. In other words, conditions of persistent osmotic 
diuresis prevail, and isosthenuria results as has long been postulated (108, 
109). 
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Observations on antidiuretic hormone.—In accord with current concepts of 
neurosecretion in relation to the antidiuretic hormone [reviewed by Barg- 
mann (110) and Sloper (111)], Howe & Jewell (112) studied the effects of de- 
hydration on the presence of neurosecretory material in the hypothalamus- 
hypophyseal system of two species of rats. A 10-day period without water 
virtually depleted neurosecretory material from the neural lobe of the lab- 
oratory rats completely while no detectable histological changes were noted 
in the neural lobe of the desert rat. It would appear that the desert rat, 
tuned to periods of water lack, was capable of adapting to the period without 
water with little strain on his water-conserving mechanisms whereas the lab- 
oratory rat had to make use of all his reserves. 

Munsick, Sawyer & van Dyke (113) determined the antidiuretic potency 
of arginine and lysine vasopressins. In the dog, arginine-vasopressin is the 
normally occurring hormone, and it isa much more potent antidiuretic agent 
in this species in terms of its vasopressor activity than is lysine-vasopressin. 
In the pig, lysine-vasopressin is the antidiuretic hormone, and in this species 
it is as potent, if not more potent, than arginine-vasopressin when the two 
are compared by the intravenous route in unanesthetized animals. Munsick 
and his associates incidentally record some interesting facts regarding renal 
function in the pig. This species can excrete about 20 per cent of its glomer- 
ular filtrate during a water diuresis. The glomerular filtration rate measured 
by the clearance of inulin, the effective renal plasma flow determined by the 
para-aminohippurate clearance, and the maximal rate of para-aminohip- 
purate secretion are all higher in the pig than in most other mammals. The 
endogenous creatinine clearance was lower than the inulin clearance. 

The problem of using a biological assay to determine the potency of anti- 
diuretic hormone preparations which must in turn be expressed in relation- 
ship to another action of the hormone, namely its vasopressor potency also 
measured by a bioassay, has been considered by Nielsen (114) and by Sawyer 
(115). Both found that lysine-vasopressin produced a briefer antidiuresis 
when given intravenously to rats than did equal pressor doses of arginine- 
vasopressin. The intensity of the antidiuresis was apparently the same. In 
dogs, however, Sawyer found the intensity as well as the duration of anti- 
diuresis to be less with lysine-vasopressin than with equal pressor doses of 
arginine-vasopressin. 

Pasqualini & Codevilla (116) found that injections of pitressin suppressed 
thirst in 7 of 12 dehydrated patients with diabetes insipidus in the absence 
of water ingestion for periods of at least 4 hr. They claim a direct anti-thirst 
effect of pitressin on the thirst center which is independent of its renal action 
to conserve water. 

Brooks & Pickford (117) continued their studies on the effects of poste- 
rior pituitary hormones on the excretion of electrolytes in dogs. Using pure 
hormonal preparations of oxytocin and vasopressin they found that, when 
given intravascularly during a water diuresis, the latter increased sodium 
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chloride and sometimes potassium excretion whereas oxytocin had no effects. 
When injected during low rates of urine flow, however, oxytocin increased 
sodium, chloride and sometimes potassium excretions whereas vasopressin 
produced only a small and inconstant effect. When oxytocin and vasopressin 
were given together, electrolyte excretion was increased at both high and low 
rates of urine flow. Because small injections of oxytocin into the carotid ar- 
tery caused increased electrolyte excretion, but this effect disappeared in dia- 
betes insipidus animals, whereas vasopressin had no such effect, the authors 
concluded that vasopressin acts directly on the kidneys but that oxytocin 
acts on an unknown central site. As it seems that the neurohypophyseal hor- 
mones have no direct action on electrolyte excretion in man (118), these 
effects are perhaps species specific. It seems likely that, if part of the renal 
action of the antidiuretic hormone is to increase sodium transport out of the 
tubular urine and into the hypertonic medullary zone, this may occur with- 
out an effect on the urinary excretion of electrolytes. The quantities of so- 
dium excreted represent such a small fraction of the amounts filtered that 
some of the fraction reabsorbed could be redirected or deflected into different 
channels without significantly affecting the small amounts excreted. 

Binkley & Christensen (119) noted that vasopressin administration 
leads to an increase in the weight of kidneys of hypophysectomized rats. 
This effect was dose dependent and was not elicited in normal rats or saline- 
injected hypophysectomized rats. It occurred acutely and presumably re- 
sulted from a gain in water content by the kidney. 

Buchborn (120) discussed the increased serum antidiuretic hormone 
measured in edematous subjects by his sensitive assay method, using the 
toad. He concluded that in addition to the usual osmotic stimulus to secre- 
tion of antidiuretic hormone there exists an additional stimulus related to 
changes in effective plasma volume. 

Current concepts regarding the action of antidiuretic hormone on perme- 
ability of the renal tubular epithelium to water are based largely on the 
studies of Koefoed-Johnsen & Ussing (121) on the permeability of frog skin 
to water. Bentley (122) has studied the effects of neurohypophyseal extracts 
on the permeability of another amphibian tissue to water and comes to 
somewhat different conclusions. He finds that with a hypotonic fluid filling 
the bladder, very small doses of pitressin markedly increase the rate of water 
transfer across the bladder wall. In the absence of hormone the net move- 
ment of water out of the bladder is small and is only slightly enhanced by 
increasing the osmotic gradient across the bladder wall. The effect of the 
hormone of increasing water transfer depends on an intact oxygen supply 
and sufficient glucose or pyruvate. Iodoacetate, malonate, cyanide, and 
dinitrophenol inhibit the water transfer in response to neurohypophyseal 
extract. Bentley feels that an action of the hormone which simply enlarges 
aqueous channels through the membrane is insufficient to explain its effects 
but he makes no definite alternative suggestion. 
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EXCRETION OF UREA 


A considerable interest has been manifested in the mechanisms of urea 
excretion by the kidney. The review article on urea excretion in the mammal 
by Schmidt-Nielsen (123) has been followed by further papers demonstrat- 
ing ‘‘renal tubular regulation of urea excretion” in certain mammals. Sheep 
kept on a low protein diet excrete a very low fraction of their filtered urea 
(124, 125). Infusions of urea result in a rapid increase in the clearance of 
urea relative to that of inulin. This effect in sheep is most pronounced at low 
rates of urine flow while at high rates of urine flow no differences in urea to 
inulin clearance ratios were seen to result from different levels of dietary pro- 
tein intake. As urea can be utilized by ruminants for protein synthesis, such 
renal conservation of urea when the diet is low or deficient would be useful 
to the animal. In man [Murdaugh et al. (126)] five weeks of a low protein 
diet similarly decreased the fraction of filtered urea excreted at low urine 
flow but not at high urine flows. In two subjects the effects of acute protein 
administration were observed to cause the urea to inulin clearance ratio to 
increase without change in glomerular filtration rate and with only slight 
increase in urine flow. 

Whether an active transport process for urea reabsorption is involved 
in such a phenomenon can not be stated at the present time, as permeability 
changes might suffice to explain them. Further direct evidence for active 
urea transport at least by the renal tubules of the bullfrog has been pre- 
sented by Love & Lifson (127). Unidirectional rates of urea movement were 
measured with C'- and C'*-labelled urea using the doubly perfused bullfrog 
kidney preparation. One isotope of urea was added to the renal artery per- 
fusate to measure the reabsorption of urea and the other isotope added to the 
perfusate entering the renal portal vein to measure secretion of urea. With 
the same concentration of urea in both perfusing fluids, average values for 
the unidirectional reabsorptive flux of urea were significantly lower than the 
average total secretory flux. Therefore, a net flux of urea was observed in the 
direction of tubular secretion and in the direction opposite to that of net 
water movement. Reabsorptive movement was considered passive and se- 
cretion active. 

Urea movement across another amphibian membrane, the toad bladder, 
has been shown to be a passive process since the permeability coefficients to 
urea in the two directions across this thin membrane (mucosal to serosal and 
serosal to mucosal) have been found equal and not depressed by increasing 
the concentration of urea in the medium bathing the two surfaces (128). In 
spite of urea penetrating this tissue only by passive diffusion, a striking and 
specific increase in permeability to urea occurs following addition of mam- 
malian neurohypophyseal hormone to the bathing medium. Permeability 
to urea increased as much as 40-fold in both directions with hormone while 
permeability to thiourea was entirely unaffected. 

The maximum urinary concentration attained during dehydration or fol- 
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lowing administration of vasopressin was significantly higher in rats prefed 
for three days on a 40 per cent protein diet or a 10 per cent protein—10 
per cent urea diet than in the same animals fed an isocaloric 10 per cent pro- 
tein diet [Hendrikx & Epstein (129)]. The ability of urea to augment the 
maximum concentration of the urine in the rat is apparently sufficient not 
only to permit an increased solute excretion without necessitating an in- 
creased urine volume, but actually to reduce the urinary water required to 
excrete the non-urea solute of the urine [Crawford (130)]. This interesting 
reduction in the water requirement in the urea-fed rats was most marked 
when the ratio in urine between urea and non-urea solutes had a value of 0.3 
to 0.5. When urea was present in amounts equal to or greater than the 
osmoles of non-urea solute, urea increased the renal water requirement. 

If antidiuretic hormone increases the permeability of the mammalian col- 
lecting tubules markedly to urea, as it does in the toad bladder, then the 
concentration of urea in the urine need not obligate the concentration of 
non-urea solutes in the medullary interstitial fluid to attain its high urinary 
concentration. This possibility has been discussed by Berliner et al. (16) and 
would seem to account satisfactorily for the higher urine concentrations at- 
tained by the protein-fed animals. On the other hand an actual saving of 
water in the excretion of non-urea solutes would not be explainable on such 
a simple basis. That urea may contribute to anomalous osmosis in the col- 
lecting duct as it does across some artificial membranes (131, 132) has been 
suggested (130). 

Levinsky & Berliner (82) extended their observations on the unique role 
of urea in the renal concentrating mechanism. They found the maximum 
urine concentrations achieved by dogs on a low protein diet to be reduced. 
Most of this reduction was attributable to the decreased concentration of 
urea in the urine. Administration of urea abruptly increased the maximal 
urine concentration. These changes in urinary concentration were associated 
with comparable changes in the tissue urea concentration in the renal medulla 
while tissue sodium concentrations were unchanged. Their hypothesis is that 
passive accumulation of urea in the interstitial fluid of the renal medulla 
serves to balance the urea in the urine osmotically so that the high concen- 
trations of sodium salts in the medullary interstitial fluid can be utilized to 
balance the non-urea solute of the urine osmotically. In this manner any 
urea in the urine can contribute an added moiety to whatever basic urine 
concentration maximum has been achieved for non-urea solute. Levinsky, 
Davidson & Berliner (81) demonstrated that the usual values given for maxi- 
mal urine to plasma osmotic ratios are not real limits. When glomerular fil- 
tration rates were reduced more than 30 per cent unilaterally in the dog dur- 
ing hydropenia and urea administration, even higher urine concentrations 
were achieved from the side with reduced filtration rate than from the con- 
trol side. When the same degree of reduction of filtration rate was produced 
without administering urea, urine concentrations fell as compared with the 
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control kidney. Under the latter conditions analysis of renal tissue revealed 
large decreases in urea concentration and moderate decrease in sodium 
chloride concentration of the renal medulla. Levitt et al. (324) observed sim- 
ilar decreases in maximal urine concentration in man with reductions of fil- 
tration rate of 50 per cent or more. 

Kliimper, Ullrich & Hilger (133) demonstrated directly, by microcathe- 
terization of collecting ducts in the golden hamster, that a further increase 
in concentration of urea of two- or threefold occurs on passage of urine 
through the collecting ducts in the inner zone of the medulla. The increase 
in urea concentration which occurred during passage of urine down the col- 
lecting duct was compared with the simultaneous increase in inulin concen- 
tration. As the mean increase in inulin concentration was 2.9-fold, while that 
for urea was 1.9-fold, some urea must have diffused back through the collect- 
ing tubule together with the reabsorption of water. This important observa- 
tion indicates that no active secretion of urea into the urine occurs in the 
collecting ducts. The results also exclude the possibility that high concentra- 
tions of urea achieved in the medullary interstitial fluid by a postulated ac- 
tive outward transport from the ascending limb of the loop of Henle (17) can 
diffuse into the collecting tubules to increase the final urinary concentration 
of urea. Net urea diffusion out of the collecting tubules is consistent with 
the data of Ullrich, Jarausch & Overbeck (134) that the concentration of 
urea in the renal medulla of dehydrated dogs reaches approximately the 
same level as found in the urine and also with the findings of Levinsky & 
Berliner (82) that the concentration of urea in the water of medulla or papilla 
is always appreciably (20 to 30 per cent) lower than in the urine. In the 
former instance, diffusion equilibrium for urea had apparently been more 
nearly achieved. At the present time active transport of urea does not ap- 
pear to be necessary to explain its excretion by the mammalian kidney. The 
renal tubular epithelium, however, may prove to possess peculiar and per- 
haps specific permeability characteristics for urea as has been demonstrated 
for the toad bladder (135). 

Grollman & Grollman (136) have upset a time honored—though ap- 
parently erroneous—clinical concept regarding the role of urea in the uremic 
syndrome. They have demonstrated that when high concentrations of urea 
(540 to 1690 mg. per cent) were maintained in the extracellular fluid of 
nephrectomized dogs by means of intermittent peritoneal lavage, many of the 
symptoms encountered in uremia were induced. Control nephrectomized 
animals who were similarly dialyzed but without addition of urea to the 
dialyzing fluid were maintained in apparently normal condition for long pe- 
riods of time. 

Javid & Anderson (137) found that the effect of administered hypertonic 
urea in reducing cerebrospinal fluid pressure in monkeys is greater and lasts 
longer following nephrectomy than when given in the presence of normal 
kidney function. The rapid rate of excretion of urea by normal kidneys limits 
its effect on cerebrospinal fluid pressure, and apparently its rate of penetra- 
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tion into the brain tissue with loss of the osmotic gradient is not normally 
the factor which limits its usefulness in reducing cerebrospinal fluid pressure. 

Wood (138) studied the nitrogen-containing compounds excreted by 
several marine teleosts. About four-fifths of the nitrogenous material was 
excreted via the gills. Ammonium and urea were the main components while 
trimethylamine oxide was present in only small amounts and was considered 
not an important end product of protein metabolism in these species. 

In one elasmobranch, the spiny dog fish, however, Cohen et al. (139) 
found constant plasma levels of trimethylamine oxide maintained in the 
range of 60 to 80 u»M/ml. This compound is freely filtered through the 
glomerulus but avidly reabsorbed by the tubule so that less than 10 per cent 
of that filtered is excreted. Injections of trimethylamine hydrochloride re- 
sulted in a large excretion of trimethylamine oxide by inhibition of tubular 
reabsorption of the latter (140). The effects of homologues of trimethylamine 
were reported. 


EXCRETION OF STRONG ELECTROLYTES 


Orloff & Davidson (141) utilized the chicken, in which the renal portal 
system by-passes the glomerulus and allows perfusion of the tubules directly, 
to study excretion of potassium. Potassium is secreted by the renal tubules 
in this species, and the secretory mechanism may be saturated by increasing 
the potassium concentration of the peritubular infusate. The secretion is re- 
versibly inhibited by mercurial diuretics. The rate of potassium secretion 
was found to be inversely related to that of hydrogen ions, and it was con- 
cluded that the preferential association of either potassium or hydrogen ions 
with the carrier may be a function of the relative preponderance of one or 
the other ion within the tubule cell. Results and views are very much in har- 
mony with those for the mammal. 

Strauss and co-workers (142) considered the responses to excesses and 
deficits of sodium. When a normal individual is placed abruptly on a sodium- 
free intake there occurs an exponential decrease in the rate of urinary sodium 
excretion; the rate drops about 50 per cent per day. In contrast to the usual 
sluggish renal response to the administration of sodium in the normal indi- 
vidual, the subject kept on a low sodium diet, but who is not depleted, 
promptly excretes even small amounts of administered sodium. The normal 
individual is viewed as carrying a chronic excess of sodium in his body which 
dulls his regulatory mechanism from detecting further small excesses. The 
regulatory mechanism for renal sodium excretion is considered to sense some 
function of the volume of extracellular fluid in some critical area or areas in 
the body. 

Atkins & Pearce (143) studied the renal response to expansion of plasma 
volume by plasma or by isoncotic albumin solutions. Water and sodium 
diuresis resulted almost uniformly in anesthetized dogs. The peak values for 
water and sodium diuresis were temporally dissociated suggesting the opera- 
tion of two effector mechanisms. Bilateral cervical vagotomy and adrenalec- 
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tomy reduced but did not abolish the diuresis and natriuresis. The authors 
state that no consistent change in filtration rate occurred and attribute the 
changes observed to alterations in tubular activity. The old problem arises 
of trying to evaluate glomerular versus tubular influences on sodium excre- 
tion by measuring filtration rate with a method having an error of 5 per 
cent when the total changes in sodium excretion are less than 1 per cent of 
the filtered sodium load. 

Stamler and co-workers (144) describe their technique of attaining 
steady rates of urinary excretion of water and salts in unanesthetized dogs 
by maintaining them with intravenous Ringer’s solution at 9 to 11 ml./min. 
When constant urine flow was achieved, rapid intravascular injections of 
large volumes of Ringer’s solution, glucose-in-water, and 6 per cent dextran- 
in-water were made, each of which was followed by a characteristic urinary 
excretory pattern. Dogs in which ascites was induced by supradiaphragmatic 
constriction of the vena cava showed qualitatively normal responses to such 
intravenous fluid loads (145). Stamler et al. argue that the sensing and dis- 
posing mechanisms are intact in the animal with ascites but that the fluid 
sequestered in the abdominal cavity fails to stimulate the receptor. 

Camp and associates (146) re-examined the effects of quiet standing on 
salt and water excretion. An antidiuresis was induced which was abolished 
by alcohol and, hence, was thought to result from secretion of antidiuretic 
horrmone. Chesley and co-workers (147) compared the abilities of non-preg- 
nant and pregnant normal, hypertensive, and pre-eclamptic women to ex- 
crete a salt load. They conclude that renal tubular activity is markedly al- 
tered in women with pre-eclampsia and, to a lesser degree, in pregnant 
women with hypertensive disease. Wesson (148) studied the tubular reab- 
sorption of chloride during rapidly changing plasma chloride concentrations. 
He found variations in rates of reabsorption which could not be explained 
and warns against attempting to measure such rates in the presence of a 
falling plasma chloride concentration. 

Segar (48) cooled anesthetized dogs in an ice bath and noted an increased 
urine flow and a decrease in the urine to plasma ratios of phosphorus, amino 
acids, and creatinine. From the results he concludes that two types of trans- 
port mechanisms are involved in the reabsorption of amino acids and phos- 
phorus and that only one mechanism is affected by the cold. 

Cort & Kleinzeller (149) studied the Na*4 extrusion and K® uptake by 
kidney cortex slices at 15, 25, and 30°C. as functicns of time. It was con- 
cluded from calculation of Qio values and energies of activation that sodium 
extrusion involves a chemical reaction and is presumably active while potas- 
sium moves passively. Because of the rapid rate of extrusion of sodium from 
the slices it is difficult to obtain reliable data in such experiments. As the 
results of this type of calculation are influenced by small differences, it seems 
that more direct approaches will be necessary before such important conclu- 
sions can be substantiated. 
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PHOSPHORUS AND PARATHYROID ACTIVITY 


Nicholson & Shepherd (150) localized the parts of the renal tubule that 
are active in the excretion of phosphate by the dog’s kidney. By injecting 25 
mg. per cent potassium dichromate into one renal artery they damaged the 
first third of the proximal tubules of that kidney. Similar injection of 0.5 per 
cent sodium tartrate damaged the distal two-thirds of the proximal tubules. 
Retrograde instillation up the ureters of 0.05 per cent mercuric chloride was 
used to damage the distal tubules. Convincing functional evidence, as well 
as histological identification, for the site of injury was presented. Glucose 
excretion increased greatly only with injury to the first one-third of the 
proximal tubule. Ammonium excretion was markedly reduced only with 
distal tubular injury. Sodium and chloride excretion increased with damage 
to all portions of the nephron, whereas the excretion of potassium increased 
with damage to both portions of the proximal tubule and decreased slightly 
with distal damage. Of prime interest were the changes in phosphate excre- 
tion. Damage to the first third of the proximal tubule resulted in marked 
increase in phosphate excretion. Injury to the last two-thirds of the proximal 
tubule had no significant effect on the output of phosphate whereas damage 
to the distal portions of the tubule markedly diminished phosphate excre- 
tion. The results indicate that phosphate is reabsorbed in the first third of the 
proximal tubule and secreted by the distal tubule. 

Examination of phosphate excretion by the stop-flow technique (44, 57) 
had failed to demonstrate definite tubular secretion of phosphate. However, 
by injecting phosphate and creatinine directly into the renal artery of phos- 
phate-loaded dogs, Carrasquer & Brodsky (151) found that the increment of 
phosphate per mole injected was 20 to 400 per cent greater than that for 
creatinine. Hence it appears that tubular secretion of phosphate by the mam- 
malian kidney is established as its occurrence has been demonstrated for 
some lower marine vertebrates (152 to 154) and for the chicken (155). Much 
of the difficulty encountered in the past by various workers who have tried 
to characterize phosphate excretion in terms simply of its filtration by the 
glomerulus and reabsorption by the tubule is probably explained by its re- 
absorption and secretion. A single maximal value for tubular reabsorption in 
the presence of such dual action by the tubule would seem meaningless. 
Further work will be necessary to characterize separately the kinetics of the 
proximal reabsorptive and distal secretory processes. 

Nicholson (156) further applied his technique of localized tubular dam- 
age to determine the site of action of the parathyroid hormone. He found 
that the injection of parathyroid extract intravenously into dogs with uni- 
lateral distal tubular damage caused an increased phosphate excretion from 
the control kidney but no increase from the nephrotic kidney. If the tubular 
lesion were localized in either the first one-third or second two-thirds of the 
proximal tubule, parathyroid extract produced a similar increase in phos- 
phate excretion by the normal and nephrotic kidneys. Nicholson concludes 
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that the site of renal action of parathyroid extract is in the distal tubule and 
that its mode of action is to stimulate tubular secretion of phosphate. These 
results, as he points out, bring the activity of the parathyroid hormone on 
the kidney into conformity with that of hormones in general which is to 
facilitate or augment the activities which they influence. The disconcerting 
situation of having to think in terms of parathyroid hormone depressing 
permeability of the tubular epithelium to phosphate is no longer a necessity. 

Although a tubular site of action for the parathyroid hormone seems well 
defined by Nicholson’s study, the role of the parathyroid hormone in home- 
ostasis in the whole animal still is in a confused state. Foulks & Perry (157 to 
159) considered this problem. They claim to find no consistent alteration in 
the renal handling of phosphate during fasting or after a phosphate load in 
the parathyroidectomized as compared with the normal dog; they would ex- 
plain the elevated serum phosphorus levels after parathyroidectomy on the 
basis of an altered removal of inorganic phosphate from the extracellular 
fluid, presumably by the cells of soft tissues. They seem to overlook the fact 
that some renal adjustment must occur, regardless of whether or not the 
tissues are releasing or failing to take up phosphate from the extracellular 
fluids, or the parathyroidectomized fasting animal would be in a continuous 
negative phosphate balance. Furthermore the differences observed between 
the effects of acute single intravenous injections of parathyroid extract and 
slow protracted intravenous infusions make one wonder whether all the 
acute effects—e.g., that on glomerular filtration rate—actually represent true 
hormonal actions, non-specific effects, or impurities present in the extract. 

The clinical usefulness of measuring tubular reabsorption of phosphate to 
assess parathyroid activity continues to be advocated (160). Shetlar and co- 
workers (161) studied the time relationships which exist between administra- 
tion of parathyroid extract to rats, the elevation of serum glycoproteins, and 
kidney damage. ’s 1e elevated serum glycoprotein appears not to be the direct 
cause of the renal calcification and injury which follow injections of para- 
thyroid extract. 


DIvuRETICS 


The subject of diuretics with particular reference to chlorothiazide was 
recently reviewed (162). The site of action of mercurial diuretics in the kid- 
ney was studied using the stop-flow technique (48, 59). Results indicate that 
chlormerodrin blocks reabsorption of sodium and chloride in the proximal 
tubule. This appears also to be the portion of tite nephron which secretes 
chlormerodrin into the urine. The locus of secretion of the drug and of inhibi- 
tion of salt reabsorption was found to be coextensive with that of PAH secre- 
tion. The mercurials, mercaptomerin (Thiomerin) and meralluride showed 
similar sites of action. None of the mercurials tested interfered with the re- 
absorption of sodium by the distal tubule. Using the same technique, the 
site of action of chlorothiazide was found also to be on the proximal tubular 
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reabsorption of sodium chloride and water (60). In addition chlorothiazide 
caused a considerable increase in distal tubular potassium secretion which 
probably accounts for its marked tendency to produce potassium depletion 
when used clinically (163). Chlorothiazide, like the mercurial diuretics, had 
no effect on the capacity of the distal tubule to lower sodium concentrations 
during stop-flow. 

The excretion of solute and of water by patients with congestive heart 
failure following administration of mercurial diuretics has been re-examined 
(164). In water-deprived patients the diuresis produced had the relationship 
of a simple osmotic diuresis in that a linear relationship with a slope of unity 
was found between the osmolal clearance and urine flow. A word of caution 
should be injected here about the validity of correlation coefficients calcu- 
lated for relationships such as that between osmolal clearance and urine 
flow. The fact that osmolal clearance is urine osmolal concentration (U) 
divided by plasma osmolal concentration (P) multiplied by urine volume 
(V) means that one is plotting (U/P)V against V. A high degree of spuri- 
ous correlation enters the calculated value of the correlation coefficient be- 
cause of the coexistence of the term V in both expressions. Until a method 
of determining osmolal clearance is devised which does not involve a term for 
urine flow, the correlation coefficient is largely meaningless. This criticism of 
the use of correlation coefficients implies no criticism of the physiological in- 
dependence of the terms correlated, only of their methodological dependence. 
Workers in this field should seek the use of more appropriate statistical 
methods under conditions in which such spurious correlations will be un- 
avoidably present. 

The effects of acid-base balance on the diuresis produced by organic and 
inorganic mercurials have been examined by Levy, Weiner & Mudge (165). 
The inorganic mercurial salt proved to be a much more potent chloruretic 
than the organic mercurial and its action was diminished by alkalosis to a 
much smaller extent than was that of meralluride. Levy et al. interpreted 
this fact as indicating that a major part of the potentiation of the effect of 
meralluride by acid-forming salts is related to the relative ease of release of 
mercuric ions from organic mercurials in acid media. The role of pH itself 
rather than of any specific ion in promoting the diuretic effectiveness of or- 
ganic mercurials was tested by administering to dogs hypertonic infusions 
which elevated serum-chloride concentrations and glomerular filtration rate 
while acid-base balance was varied by the infusion of salts of other anions. 
Under conditions of almost equal chloride loads, bicarbonate inhibited the 
mercurial effect while nitrate and sulfate did not. This finding emphasizes 
the role of pH in determining the diuretic response to an organic mercurial. 

Farah et al. (166) studied the influence of acidosis and alkalosis on mer- 
curial-induced diuresis and on sulfhydryl changes in the kidney. They claim 
that in dogs alkalosis decreases diuresis and mersalyl-induced sulfhydryl 
changes when compared with acidotic dogs. The results seem difficult to 
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interpret until we know more about the relationship of the protein-bound 
sulfhydryl groups ostensibly measured and the mechanism of action of mer- 
curial diuretics. 

Surtshin et al. (167) observed that kidneys of rats fed on a sucrose diet 
who survive a single 3 mg./kg. injection of mercuric chloride will pick up less 
of a subsequent injection of mercuric chloride one month later. This appar- 
ently is a result of the large amount of mercury from the prior injection re- 
maining in the kidneys rather than of a diminished ability of the kidneys to 
bind mercury. The total amount of mercury in the kidney is greater than it 
would be after a single dose, although the amount picked up from the final 
dose is less. 

Oral administration of chlorothiazide to hypertensive patients was 
found to depress the glomerular filtration rate, to increase the blood urea 
concentration, to increase “‘efficiency’”’ of water reabsorption, but to main- 
tain sodium excretion in spite of a decreased filtered load of sodium [Cor- 
coran et al. (168)]. The observed renal hemodynamic status during pro- 
longed administration of chlorothiazide was considered to be attributable 
to sodium depletion as such. The occurrence of elevated serum uric acid 
levels in a significant percentage of patients receiving long term chlorothi- 
azide therapy was noted [Laragh et al. (169)] and confirmed [Bolte e¢ al. 
(170)]. 

A difference in the effects of chlorothiazide and mersalyl on the ‘‘free”’ 
water clearance of moderately hydrated dogs was noted [Blackmore (171)]. 
Chlorothiazide produced no change in “‘free’’ water clearance while mersalyl 
increased it. This difference was thought likely to be the result of the greater 
increase in osmolal clearance with the mercurial diuretic which would allow a 
larger increase in “‘free’’ water clearance by permitting a greater distal so- 
dium reabsorption. In dogs undergoing maximal water diuresis, neither drug 
produced a significant change in “‘free’’ water clearance. 

The oral diuretic properties of a new class of diuretic compounds, formo- 
guanamine and other S-triazines, were tested in rats and dogs [Kagawa & 
Van Arman (172)]. 

Liddle (173) and Bolte et al. (170) reported on the use of spirolactones, 
aldosterone antagonists, as diuretics. This interesting type of compound 
blocks all the actions of aldosterone at the renal tubular level. Hence spiro- 
lactones produce an increased excretion of sodium only in the presence of 
adrenal stimulation of sodium retention. Spirolactone blocks the potassium- 
losing action of aldosterone, whereas all other diuretics tend to increase the 
excretion of potassium. Its action also does not disturb acid-base balance. 
How efficacious this type of diuretic proves to be on clinical trial remains to 
be seen. 

Baer et al. (174) reported on preclinical trials with hydrochlorothiazide 
which induces a diuresis qualitatively similar to that produced by chloro- 
thiazide; but it is effective at much smaller dosages. Also like chlorothiazide 
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it is cleared in excess of the rate of glomerular filtration and its high clearance 
is depressed by probenecid. 


TISSUE ELECTROLYTES 


McMurrey and co-workers (175) described their method of measuring 
red cell volume, plasma volume, total body water, “extracellular water vol- 
ume’’, exchangeable chloride, sodium, and potassium simultaneously. Nor- 
mal values obtained in adult males and females were presented. Demanet 
et al. (176) also reported values for exchangeable sodium and potassium in 
normal males and females as well as in edematous subjects and patients with 
potassium depletion. A comparative study of the changes of sodium balance 
with changes in total exchangeable sodium in edematous subjects showed 
good agreement (177). 

White and co-workers (178, 179) found that, when about 30 per cent of 
the total sodium and chloride are removed from normal adult rats by peri- 
toneal dialysis, the external loss of sodium and chloride is adequately ac- 
counted for by the loss from the sucrose space. These workers conclude that 
the sucrose space is an equally valid measure of extracellular fluid volume 
in normal, in adrenalectomized, and in depleted animals. 

Acute changes in extracellular fluid composition in the cat were associ- 
ated with changes in bone sodium [Forbes et al. (180)]. Infusions of various 
acids, alkalies, sodium chloride, and glucose solutions had no effects on bone 
water but produced decreases of 15 to 100 per cent in the exchangeable bone 
sodium. However, the stimulus producing the observed changes in bone 
sodium was not determined from this study as the changes apparently oc- 
curred independently of changes in blood pH, plasma sodium concentra- 
tion, and the amount of acid or water infused. The ratio of sodium to calcium 
in bone could not be increased. Winters et al. (196) failed to observe changes 
in bone sodium when serum sodium was either reduced or elevated experi- 
mentally. 

Huth & Elkinton (181) found that in acutely fasted rats, total carcass 
chloride was increased more than sodium, and potassium was decreased. 
From this they concluded that either the extracellular fluid volume taken as 
the chloride space was expanded or chloride was sequestered or both. As- 
suming the former, intracellular water and intracellular sodium and potas- 
sium concentrations were unchanged by fasting. These results are somewhat 
at variance with those of Fourman & McConkey (182) and of McConkey 
(183) on the effects of fasting in man. These workers found that, whereas 
total body water decreased with fasting or wasting, no change in extracellu- 
lar volume was noted. Their evidence was based either on balance studies 
conducted during weight reduction or on measurements of the volume of dis- 
tribution of thiosulfate, bromide, and antipyrine. The balance studies re- 
vealed losses of nitrogen, potassium, and phosphate together with changes in 
sodium balance not considered to be significantly positive. The space meas- 
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urements in wasted subjects, as compared with those in paired normals of 
the same height, sex, age, and original weight, revealed similar volumes of 
extracellular water but reduced total body water. They consider that plasma 
volume and lymph do not diminish in undernutrition and consider that 
the remainder of the extracellular fluid consists of a thin layer about each 
cell. Furthermore, with simple undernutrition the bulk of each cell is re- 
duced without a change in total number of cells. Therefore they conclude 
that a relative increase in the volume of the extracellular fluids is a geometric 
necessity if each cell is to preserve its watery environment. They suggest 
that the changes in extracellular fluid volume with ageing may have a sim- 
ilar explanation. 

Audia (184) concluded from his measurements of sodium, chloride, and 
water of rat tail tendon that the tendon water resembles a plasma ultra- 
filtrate with respect to chloride concentration. He believes that the earlier 
reports that rat tendon chloride space considerably exceeds the water con- 
tent are erroneous because of evaporative water losses incurred during the 
measurements. Lobeck (185) finds that chloride content of bone of cats and 
rats is greater than could be expected if all the bone water content was ex- 
tracellular fluid. This excess chloride could not be located. 

Rogers & Mahan (186) studied the exchangeability of magnesium in vari- 
ous tissues. The magnesium seems to exist in most tissues in two states. In 
one state exchangeability is rapid with a turnover time of 1.2 hr. while in the 
other it is 25 hr. In muscles the exchange is more rapid with repeated con- 
tractions than at rest. 

MacIntyre & Davidsson (187) reported the production of potassium 
depletion, sodium retention, and nephrocalcinosis with hypercalcemia by 
magnesium deficiency in rats. Selye & Bajusz (188) also pointed out interre- 
lations in the actions of magnesium and potassium. They found that rats 
kept on a low potassium diet containing near minimal levels of magnesium 
will develop cardiac necroses which may be prevented by either magnesium 
or potassium chloride but aggravated by sodium phosphate. They consider 
that phosphate and magnesium ions may be very important in the develop- 
ment of the changes usually ascribed to potassium deficiency. 

Both sodium and potassium content of aortic wall have been considered 
of importance in hypertension. Daniel, Dodd & Hunt (189) find that the 
hypertension produced by pitressin in rats is associated with an increase in 
the aorta sodium concentrations. This increase occurred outside of the 
chloride space and was presumed therefore to represent an intracellular ac- 
cumulation. A vasodepressor drug, isopropylarterenol, reduced aortic sodium 
concentration. Freed and co-workers (190, 191) have, on the other hand, em- 
phasized the role of potassium content of the aortic wall on blood pressure. 
The ‘“‘hypotension” of potassium deficiency was associated with a decrease 
in aortic potassium concentration without change in sodium content. This 
potassium lack was thought to reduce arterial tone and, hence, blood pres- 
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sure. In renal hypertensive rats the potassium content of aortic wall was 
found to be increased. Potassium depletion lowered both the aortic potas- 
sium and the blood pressure. 

The adjustment in tissue electrolytes that occurs in marine animals 
which migrate to fresh water has been studied in the case of muscle sodium 
and potassium in the Pacific salmon [MacLeod et al. (192)]. With migration 
into fresh water for mating, the initial drop in muscle sodium and increase 
in muscle potassium have reverted to normal levels before the spawning 
grounds are reached. 

Riecker & Bubnoff (193, 194) continued their studies on red cell elec- 
trolyte and water content, considering that in man the red cell mirrors 
changes in composition of intracellular fluids generally. Habib et al. (195) 
removed potassium acutely from dogs by dialysis and subsequently an- 
alyzed heart, liver, and skeletal muscle in search of the lost potassium. None 
of these tissues showed measurable losses, but considering the small total 
quantities of potassium removed (1.6 to 7.4 and 11.1 to 27.7 m.eq.), tissue 
losses could have been detected only if all the potassium removed had been 
lost by a single organ or tissue. If all the tissues contribute to the lost potas- 
sium, the changes in any one tissue would hardly be measurable. 


AcTIONS OF ADRENAL HORMONES 


There continues to be a great interest in describing the renal actions of 
adrenal hormones. All aspects of the physiology of aldosterone have re- 
cently been reviewed by August, Nelson & Thorn (197), and Farrell (198) 
reviewed the regulation of aldosterone secretion. Ganong & Mulrow (199) 
reported studies similar to those of Barger, Berlin & Tulenko (200) in 
which the effects of aldosterone injected into one renal artery were studied. 
In the former study, single injections of 2, 5, or 10 wg. doses of aldosterone 
into the aorta were found to have the same effects as similar doses injected 
directly into one renal artery in adrenalectomized dogs off replacement ther- 
apy for 48 hr. After a delay of 5 to 30 min., the hormone produced a de- 
creased sodium and increased potassium excretion not associated with any 
consistent change in glomerular filtration rate. Larger doses did not alter 
the delay in onset of effects. The effect on the uninjected kidney was not sig- 
nificantly different from that on the injected side. However, with a slower 
rate of infusion into one renal artery, Barger et al. (200) observed unilateral 
effects. The effects of vasopressin injected into one renal artery are essen- 
tially immediate and unilateral, if the dose is small. The delay in response to 
aldosterone remains unexplained, but it makes less likely the possibility that 
very acute changes in sodium excretion, e.g. as with quick changes of posi- 
tion, are related to changes in aldosterone output. 

The effects of constant intravenous infusions of aldosterone over 8-hr. 
periods to patients with Addison’s disease were studied by Ross e¢ al. (201). 
After a delay of 2 hr. a decreased sodium and increased potassium excretion 
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were observed which persisted 4 to 6 hr. after stopping the infusion. When 
hydrocortisone was infused simultaneously, it did not modify the effect on 
sodium excretion but did further increase the urinary potassium. 

August, Nelson & Thorn (202) studied the effects of large doses of aldos- 
terone given for periods of 14 and 22 days to 2 normal subjects. Following 
initial sodium retention and weight gain of 2 to 3 kg., urine sodium excre- 
tion increased to the control levels despite continuation of the large doses of 
aldosterone. Although there is no adequate experimental evidence to demon- 
strate whether this ‘‘escape”’ results from increased filtration rate or from re- 
duced tubular reabsorption, there is indirect evidence to suggest the former. 
When subjects with intact cardiovascular systems ingest very large quan- 
tities of sodium chioride they also gain a few kilograms and again come into 
sodium balance achieving a new steady state (203). As the high sodium in- 
take should suppress all endogenous sodium-retaining hormones, it would 
appear that the adjustment in the case of high salt intake is on a hemody- 
namic basis secondary to the over-expanded vascular volume and is prob- 
ably associated with an increased load of filtered sodium. The reattainment 
of sodium balance with similar over-expansion of the extracellular volume 
during administration of sodium-retaining hormones strongly suggests an 
analogous adjustment at the glomerular-tubular level. Probably an in- 
creased filtered load of sodium results in increased excretion in spite of a per- 
sistent increased sodium reabsorption stimulated by the hormone. In pa- 
tients with cardiac disease, cirrhosis, or nephrosis, the same, or even smaller, 
amounts of aldosterone also produce sodium retention and over-expansion 
of extracellular fluid volume. As the excessive volume is sequestered either 
in interstitial spaces or body fluid cavities, it fails to correct the functional 
deficit that exists in intravascular volume—probably on the arterial side 
(204, 205)—so that the stimulus for sodium retention persists and edema de- 
velops. The very circulatory disturbances which set off the stimulus for ex- 
cessive Na retention in these subjects prevent or reduce the effectiveness of 
the retained Na and water from correcting the functional deficit and from 
stopping the stimulus. They also prevent the glomerular-tubular readjust- 
ments which allow the subject with intact cardiovascular system to re-achieve 
sodium balance in spite of continued administration of aldcsterone. 

Dingman and co-workers (206) administered various adrenal steroids by 
continuous intravenous infusion over 8 to 24 hr. to normal and Addisonian 
subjects. Few or no effects on glomerular filtration rate were observed. Hy- 
drocortisone, especially in small doses, and prednisone frequently produced 
a short-lived natriuresis in the first few hours of administration. This effect 
was prevented by large but not by small doses of deoxycorticosterone ace- 
tate. Aldosterone, corticosterone, and deoxycorticosterone produced sodium 
retention as did hydrocortisone in large doses. The increase in free water 
clearance which followed administration of hydrocortisone, prednisone, or 
aldosterone was attributed to a decrease in distal tubular reabsorption of 

















KIDNEY, WATER AND ELECTROLYTES 143 


water and was postulated to result from an inhibitory effect of these steroids 
on the secretion of antidiuretic hormone. 

Perlmutt & Olewine (207) compared the action of a mineralocorticoid 
and a glucocorticoid on water-loaded adrenalectomized rats given aceta- 
zoleamide. Deoxycorticosterone reduced the increased sodium excretion and 
enhanced the potassium loss whereas hydrocortisone increased both the 
sodium and potassium losses. 

Kagawa (208) observed that progesterone in small doses reversed the 
sodium retention and potassium loss induced by deoxycorticosterone acetate 
(DCA) in adrenalectomized rats. In larger doses progesterone lost this effect, 
presumably through a deoxycorticosterone-like action of its own. Progester- 
one appears to be a competitive inhibitor of deoxycorticosterone and con- 
stitutes a unique example of a steroid with both blocking and DCA-like ef- 
fects of its own in rats. Landau & Lugibihl (209) showed that progesterone 
in a dose of 50 mg. daily produces a prompt natriuresis in subjects with Addi- 
son’s disease treated with cortisone and aldosterone. When aldosterone was 
stopped, the same dose of progesterone lacked any natriuretic effect. In acute 
studies, 150 mg. of progesterone nullified the sodium-retaining effect of 20 

g. of aldosterone but not of 40 or 50 ug. of aldosterone. Landau & Lugibihl 
believe that progesterone is an antagonist of aldosterone at the renal tubule 
and suggest that its natriuretic effect in normal subjects is caused by inhibi- 
tion of the action of endogenous aldosterone. The antialdosterone action of 
certain steroids is being utilized in a new class of diuretics (173). 

Vander and co-workers (210) utilized the stop-flow technique to lo- 
calize the site of renal sodium reabsorption which is affected by adrenalec- 
tomy and aldosterone. After adrenalectomy, the distal tubule did not reduce 
sodium concentration to the low value achieved during stop-flow in normal 
dogs. Aldosterone administration restored this distal reabsorptive capacity. 
No definite effects on proximal reabsorption were noted. In a continuation of 
this study, these authors report (211) that aldosterone does not influence 
the back diffusion of sodium into the nephron lumen. Its action therefore ap- 
pears to determine the maximum gradient against which sodium can be 
transported in the distal tubule or collecting tubule. 

Extrarenal actions of adrenal cortical hormones have been sought. 
Tompkins, Eckman & Share (212) found that deoxycorticosterone reduced 
the plasma potassium concentration in adrenalectomized-nephrectomized 
rats whereas hydrocortisone had the opposite effect. On the other hand the 
rise in serum potassium which occurred following adrenalectomy in nephrec- 
tomized-eviscerated rats was not reversed by the intravenous administra- 
tion of large doses of deoxycorticosterone, hydrocortisone, corticosterone, or 
aldosterone. The authors interpret their results as consistent with the view 
that there is a movement of potassium into the extracellular fluid in the ab- 
sence of the secretions of the adrenal gland, as many have previously con- 
cluded. The authors point out their inability to reconcile their results with 
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other reports which have shown by direct tissue analysis an elevated potas- 
sium concentration in skeletal muscle of adrenalectomized animals. It may 
well be that the very small amounts of potassium required to increase serum 
potassium represent a cellular loss necessary to establish a new steady state 
and that in chronic experiments factors such as sodium and potassium in- 
take in diet, etc. are important determinants of final tissue electrolyte com- 
position. 

Arons et al. (213) measured acute and chronic effects of adrenal hormone 
administration on exchangeable sodium and potassium. In acute experiments 
large doses of hydrocortisone failed to affect the exchangeability of body 
sodium and potassium in a normal subject whereas large doses of deoxycorti- 
costerone glucoside appeared to cause acute changes. In general, good agree- 
ment was obtained between sodium and potassium balances whether meas- 
ured by classical metabolic balance techniques or by changes in exchange- 
able sodium and potassium. 

Swingle and co-workers (214) found that adrenalectomized dogs main- 
tained on the glucocorticosteroid, 1-dehydrohydrocortisone, remained vigor- 
ous and active despite low serum sodium and chloride concentrations and 
elevated blood urea levels. Plasma volume was only inconstantly reduced. 
In contrast, aldosterone alone even in large doses did not maintain fasted 
adrenalectomized dogs although it increased the serum sodium and chloride 
concentrations. The plasma volume and blood pressure continued to fall 
during the two days of aldosterone administration, but as the animal was 
fasted so that no additional sodium was available to correct the deficit this 
is perhaps not surprising. The authors claim that the results support their 
view that mineralocorticoids act only on the kidney to preserve external 
balances while the glucocorticosteroids affect internal distributions of fluid 
and electrolytes between intracellular and extracellular compartments. 
However, as it is well known that the adrenalectomized fasted animal suf- 
fers from disturbances other than those relating to electrolyte changes, it is 
not clear that the beneficial effect of glucocorticosteroids was not simply a re- 
sult of the correction of some non-electrolyte-dependent disturbance, e.g. 
maintenance of normal carbohydrate metabolism and prevention of hypo- 
glycemia. 

A study of K® uptakes by various tissues of the rat by Hepps, Hartman 
& Brownell (215) lends more direct evidence for an action of glucocortico- 
steroids on extracellular-intracellular electrolyte movements. Whereas 
adrenalectomized and control rats contained the same quantity of potas- 
sium per gram of body weight, the uptake of K® by tissues was considerably 
less in the adrenalectomized than in the control group. Cortisone, which 
has little sodium-retaining effect, brought the reduced K® uptake back to 
normal whereas deoxycorticosterone acetate was without effect. 

Davis and co-workers (237) compared the effects of acutely constricting 
the inferior vena cava above and below the diaphragm on aldosterone and 
corticosterone output from the adrenal vein. Following thoracic caval con- 
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striction alone, aldosterone secretion increased two- to fourfold above control 
levels with no change in corticosterone or Porter-Silber steroid output. This 
rise in aldosterone output was not prevented even when dextran solutions 
were infused at rates calculated to prevent an associated fall in plasma vol- 
ume. Increased aldosterone secretion was an inconstant finding in animals 
with constriction of the vena cava below the diaphragm and occurred only 
after marked constriction and large sustained increments in venous pressure. 
Davis et cl. conclude that increased aldosterone secretion occurs regardless 
of changes in vascular volume. These experiments, like many previous ones, 
suggest that it is some function of the intravascular volume rather than total 
vascular volume to which a volume-sensitive receptor responds. 

Bartter and associates (205, 238) found that the increased aldosterone 
secretion in adrenal venous blood following constriction of the inferior vena 
cava was unaffected by section of the cervical vagi while the fall in aldoster- 
one secretion expected on release of the constriction was abolished by vagot- 
omy. Hence the vagi appeared to mediate stimuli for decreasing but not for 
increasing aldosterone secretion. On the other hand, low bilateral common 
carotid constriction consistently increased aldosterone secretion as systemic 
pressure rose. Prior stripping of nerves to the carotids above their bifurcation 
abolished both the reflex hypertension and the increase in aldosterone secre- 
tion following constriction of the common carotids. Denervation of the carotid 
sinus alone abolished hypertension, but aldosterone secretion still increased 
while denervation of the thyroid-carotid arterial junction alone abolished the 
aldosterone response leaving the reflex hypertensive response intact. Bartter 
et al. conclude that a dual control of aldosterone secretion was demonstrated 
in which stimuli-mediating decreases follow vagal pathways whereas in- 
creases derive from the area of the thyroid-carotid arterial junction. Thus a 
mechanism has been demonstrated whereby a localized decrease of intra- 
arterial blood volume can increase aldosterone secretion independently of 
total blood or plasma volume. This is a most important finding and should 
help to clarify a great mass of both experimental and clinical studies on the 
relationship of volume changes and adrenal activity. 

Kleeman, Maxwell & Rockney (239) reinvestigated the inability of pa- 
tients with anterior pituitary insufficiency or adrenal insufficiency to excrete 
an oral water load. Aminophylline and meralluride (Mercuhydrin), by in- 
creasing filtration rate or solute excretion, or both, can partially correct this 
abnormality but not nearly so effectively as hydrocortisone. Kleeman e¢ al. 
conclude that hydrocortisone acts primarily by decreasing the back reab- 
sorption of water in the nephron in the absence of circulating antidiuretic 
hormone. They obtain further support for this view from their studies with 
6-methyl-prednisolone in patients with pituitary and adrenal insufficiency 
(240). This compound, which has little effect on renal hemodynamics or 
sodium reabsorption, also improved the impaired water diuresis in these 
patients. Hence they consider that its effect is also ascribable to a specific 
action on the diluting segment of the nephron. 
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Dingman and co-workers (241) evaluated neurohypophyseal function in 
13 hypophysectomized subjects by means of intravenous hypertonic saline 
or nicotine. The degree of diabetes insipidus was found to correlate inversely 
with the estimate of residual neurohypophyseal function, and the diabetes 
insipidus continued unabated despite withdrawal of cortisone therapy in 
patients devoid of neurohypophyseal function. This information is helpful 
in evaluating whether or not the urinary concentrating defect which char- 
acterizes neurohypophyseal failure is dependent upon the presence of ante- 
rior pituitary and adrenal function or will persist even in their absence. 
Robson & Lambie (242) studied the polyuria induced by cortisone in two 
hypophysectomized patients and concluded that it was the result of a primary 
polydipsia rather than any effect of cortisone on renal function. In fact they 
found cortisone actually to improve the ability of their subjects’ kidneys to 
reabsorb solute-free water during osmotic diuresis under conditions of hy- 
dropenia. The conflicting results reported for the action of adrenal hormones 
on water excretion seem to be largely dependent upon the particular circum- 
stances under which the study is made. 

Friedman, Friedman & Nakashima (216) studied the effects of aldoster- 
one on the blood pressure and the distribution of electrolytes in tissues of 
rats. They found that aldosterone has a small effect in raising the blood pres- 
sure of intact and nephrectomized rats but a more profound effect on the 
blood pressure of adrenalectomized animals. Aldosterone increases the inulin 
space in the non-adrenalectomized nephrectomized rats. It increases the 
pressor response to pitressin. From these results and others from the litera- 
ture, these authors speculate regarding the possible relationship between 
intracellular and extracellular sodium and regulation of blood pressure. 

Munro et al. (217) found that alterations in bone sodium metabolism only 
occurred after adrenalectomy when sodium deficiency was allowed to develop. 

Share (218) studied the effect of adrenalectomy on the depletion and 
reaccumulation of sodium and potassium by rat liver and kidney mitochon- 
dria. Adrenalectomy was without effect on: the rate of depletion of, or the 
ability to reaccumulate sodium or potassium; the mitrochondrial water con- 
tent or intramitochondrial potassium concentration. Adrenalectomy did 
result in consistently higher sodium concentrations in kidney mitochondria 
in the sodium depleiion-reaccumulation experiments. Until the role of the 
mitochondrion in electrolyte transport and accumulation is better under- 
stood, the relationship of mitochondrial ion content to that of the cell or 
tissue is difficult to interpret. At the present time it seems that cellular ionic 
composition is determined by active transport processes located in the cell 
membranes and that the contribution of the mitochondria to ion transport is 
to supply energy necessary for such transport. 

Kyser, Teloh & Sutton (219) studied the effects of large doses of deoxy- 
corticosterone acetate and digitoxin on the potassium content of heart mus- 
cle. Interpretation of results is difficult as chloride space was used to distin- 
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guish intracellular from extracellular contents. Barnes & Buckingham (220) 
reported balance studies of water and electrolytes in obstetric and gynecologic 
patients under various conditions in which changing endogenous hormone 
levels are thought to occur. Miller, Faloon & Lloyd (221) looked for an effect 
on magnesium excretion of increased aldosterone secretion produced by a low 
sodium intake and found none. Kleeman and co-workers (222) report on the 
metabolic and renal effects of two new adrenal analogues (6-methylpredni- 
sone and 6-methyl-9a-fluoro-21-deoxyprednisolone). Buchborn, Koczorek & 
Wolff (223) analyzed statistically the correlation between 24-hr. creatinine 
clearance, urinary sodium, and aldosterone excretions in patients with con- 
gestive heart failure and hepatic decompensation. Very good correlations 
were found between aldosterone and sodium excretions in both groups with 
only a small correlation between sodium excretion and creatinine clearance 
in the patients with heart failure and none in the cirrhotics. Peters published 
extensive studies (224 to 228) of the effects of the administration of various 
salts, adrenal hormones, and water on renal excretion of water and electro- 
lytes in normal and adrenalectomized rats. Fregly (229, 243) found that 
adrenalectomized rats exhibit a specific appetite for sodium chloride alone of 
a considerable number of inorganic salts tested and that this sodium chloride 
appetite is concentration dependent; most sodium chloride solution was 
ingested when it was offered asa 0.15 M solution. 

Davis and co-workers (230) demonstrated in dogs that high aldosterone 
excretions produced by thoracic inferior vena cava constriction were asso- 
ciated with low fecal sodium content and a low fecal sodium to potassium 
ratio. Adrenalectomy caused disappearance of aldosterone from the urine, 
and fecal sodium and potassium excretion returned to normal. Hypophy- 
sectomy produced similar but less pronounced changes in urinary aldosterone 
and fecal electrolyte excretions. 

Wiedman, Dunihue & Robertson (231) find that the granularity of the 
juxtaglomerular cells in rats and cats is inversely related to the mineralo- 
corticoid level and unrelated to the sodium intake. The meaning of this ob- 
servation is not explained nor are those of similar findings by Pitcock & 
Hartroft (232). Tobian et al. (233) showed a more definite relationship be- 
tween the degree of granulation of the juxtaglomerular cells and the arterial 
perfusion pressure to the kidney. They found that high perfusion pressures 
produced marked degranulation of the juxtaglomerular cells in isolated kid- 
neys while perfusion at normal pressures preserved a constant degree of 
granulation. They postulate that the juxtaglomerular cells can act as baro- 
receptors responsive to arterial pressure changes. 

Jones, McSwiney & Brooks (234) concluded that sodium retention and 
increased excretion of aldosterone do not necessarily precede attacks of 
paralysis in all cases of periodic paralysis in contrast to the findings by Conn 
and associates (235). Lieberman (236) intelligently discussed the role of 
aldosterone in the etiology of edema. 
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OsMOLALITY OF Bopy FLUuIDs 

The time-honored belief that the chemical activity of water within cells 
equals that in the extracellular fluid received experimental support from 
several different approaches. Buckley, Conway & Ryan (244) reviewed their 
previous measurements of the freezing points of tissues and reaffirm their 
interpretation of these results to indicate isotonicity of tissue and plasma 
water. Appleboom et al. (245) found that the calculated freezing point de- 
pression of freshly excised boiled mammalian tissue is approximately the 
same as that of plasma. In a more direct approach, Maffly & Leaf (247) 
compared the melting curves of tissues rapidly frozen in liquid nitrogen with 
the melting curves similarly obtained for serum. The usual difficulties in- 
herent in the measurement of melting curves were largely circumvented by 
suspending the freshly frozen, crushed tissue in an inert liquid silicone. In such 
a fluid state, satisfactory mixing could be achieved so that heat could be 
added rapidly and the melting point quickly attained. Rapidity of measure- 
ment proved essential to avoid the effects of tissue autolysis. With this pro- 
cedure good agreement was obtained between the melting curves of skeletal 
muscle, heart muscle, liver, brain, kidney cortex, and serum. Only in the case 
of renal medulla did the melting curve differ significantly from that of the 
serum, a finding to be expected from the known function of this zone of the 
kidney to elaborate a hypertonic urine. Thus the results confirm the concept 
that cellular water is isotonic to extracellular fluid. 

That body water appears to be passively distributed in proportion to 
osmotic activity was also concluded by Edelman et al. (248). This group 
found a high degree of correlation between serum sodium concentration or 
serum total solute concentration and the ratio of the sum of total exchange- 
able sodium plus potassium to total body water over a wide range of serum 
sodium concentrations. These results further indicate that all or almost all 
body potassium is osmotically active and that hyponatremia does not occur 
clinically as a result of osmotic inactivation of intracellular potassium or so- 
dium. 

In a study of sodium depletion in adrenalectomized humans Lipsett & 
Pearson (249) noted discrepancies between water (weight changes) and salt 
balance, on the one hand, and changes in serum sodium concentration on the 
other, which suggested to them either osmotic inactivation of cation within 
the cell or osmotic inequalities between extracellular and intracellular fluids. 
Sequestration of cations in bone, gastrointestinal tract, or other sites might 
produce similar results, and interpretation of these interesting results must 
wait until more is known about the role of the adrenal hormones in regulating 
solute and water distributions in tissues. 

Rixon & Stevenson (250) studied the movements of water, sodium, and 
potassium in rat diaphragm in vitro. They reaffirm the importance of met- 
abolic activity on the regulation of the water content of tissues (251). In 
isotonic media the water content was directly and linearly related to the sum 
of sodium and potassium in the tissue. Their evidence indicates that the 
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muscle cell is isosmotic to its normal environment and that the regulation of 
water in diaphragm is directly and passively related to the regulation of the 
electrolyte content of the tissue. This confirms for muscle what has previ- 
ously been demonstrated for other mammalian tissues (252, 253). 

Clearly, the concept of isotonicity of the body fluids does not deny small 
differences in water activity between cells and their environment as a conse- 
quence of cellular metabolic and synthetic processes. Sm-il net shifts of water 
are no doubt occurring continuously between the intracellular and extraccl!u- 
lar compartments. In view of the known high protein content oi intra. citular 
fluid and the permeability of cell membranes to water and to the small ions 
and solutes of the extracellular fluids, the important question arises as to why 
cells do not swell and burst 7” vivo in consequence of the oncotic pressure of 
their contained colloids. This problem has been considered (254) and thought 
to be explainable on the basis of the known ionic gradients in tissues. The 
oncotic pressure of the intracellular proteins is thus offset by sodium ions 
whose extracellular concentration is maintained, not by impermeability of 
cell membranes to sodium, but rather by the continuous active extrusion of 
sodium from the cells. Energy derived from metabolism is utilized to prevent 
tissue swelling not by pumping out water from cells but by removing sodium 
ions. Water follows passively according to its activity gradients. This view 
gives a teleological explanation for the long known fact that sodium is quan- 
titatively the major cation of extracellular fluids while potassium is dominant 
within cells. Such ion gradients become essential for preservation of cell vol- 
ume. The alternative adjustment possible to the cell to prevent the disastrous 
swelling that would result from its obligatory content of intracellular colloid 
would be to surround itself with a rigid casing to withstand this force. Such 
a choice would have resulted in sacrifice of mobility in the animal kingdom 
just as it has in the vegetable kingdom. 

The mechanisms for regulating the volume of the intracellular fluids are 
thus quite different from those which maintain constancy of the extracellular 
fluid volume. The latter appears to operate through some center which co- 
ordinates the rate of renal sodium and water excretion with receptors that 
somehow are sensitive to the adequacy of some vital moiety of the extracel- 
lular fluid volume. The preservation of total intracellular fluid volume, on the 
other hand, appears to be largely the function of each cell individually 
through its self-contained ion transport systems, as described. Whether some 
humoral factor(s) secreted in response to a co-ordinating center determines 
the rates of ion transport and hence the volume of individual cells remains to 
be seen. It may be that the ion transport systems are so constructed as to 
preserve a constant setting of membrane potential or ion concentrations, or 
both, which, together with a given quantity of non-diffusible anions in the 
cells, determines the individual cell volume. Summated, these yield a fixed 
total intracellular fluid volume. 

There is one type of intracellular volume change to which the cell is 
highly vulnerable and against which it seems to have no defense. This is the 
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volume change consequent to changes in osmotic activity of the extracellular 
fluids. Because of the passive nature of the movement of water into and out 
of cells and the relatively high permeability of most cell membranes to water, 
changes in water activity in the extracellular fluids promptly result in similar 
changes in the water activity of the cell (255) and vice versa. Hence it is im- 
portant that changes in osmotic activity of the extracellular fluids be kept to 
a minimum. The cell is thus dependent upon the precision of the neurohypo- 
physeal-thirst-renal regulation of extracellular fluid tonicity (256) for preser- 
vation of its volume as well as its tonicity. 

The above speculations are undoubtedly premature but are offered hope- 
fully as a stimulant to interest in this field. The problem of the regulation of 
extracellular fluid volume has engrossed the interest and activities of a very 
large number of investigators. The problem of regulation of intracellular 
fluid volume, although it encompasses twice the quantity of fluid and al- 
though it is preserved with remarkable constancy, has been largely neglected. 
The prime importance of an understanding of the mechanisms of ion trans- 
port by cells to our comprehension of this problem is apparent. Active ion 
transport remains the central problem in the study of kidneys, water and 
electrolytes. Its solution may be expected to bring much greater insight into 
cellular as well as renal physiology. 


Factors AFFECTING AciID-BASE RELATIONS 


One can hardly start a discussion of acid-base changes without expressing 
some regrets over a recent plea to clinicians to retain a special language of 
their own when referring to acid-base disturbances (257). It seems that acid- 
base relations in the whole animal should be clearly expressible in the terms 
of the physical chemist, if thinking is kept rigorous; and a separate nomen- 
clature for acid-base relations in the physiological or biological fields is re- 
dundant. The body contains many salts, acids, and bases, some in solution 
and some not. All, according to their individual pK values, are related 
through the isohydric principle to the ambient hydrogen ion activity except 
where membrane phenomena or active transport alters the local hydrogen 
ion activity, e.g. in intestinal secretions or urine. 

The mechanism of the adaptive increase in ammonia excretion which 
occurs in acidotic dogs was sought by Rector & Orloff (258) in an investiga- 
tion of the activity of renal glutaminases, glutamic dehydrogenase, and 
glutamic oxaloacetic transaminase of kidney homogenates. No increase in 
any of these enzymes was noted in homogenates from kidneys of acidotic 
dogs nor did intact slices from their kidneys show enhanced enzymatic hy- 
drolysis of glutamine. The absence of any changes in the dog was contrasted 
with marked increases in the activity of the same enzymes from rat kidneys. 
Hence no explanation was found for the adaptive increase in urinary am- 
monia excretion by acidotic dogs at a given pH as compared with lower rates 
of ammonia excretion in non-acidotic dogs. Indirect evidence suggests that 
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thg ammonia excretory pattern in man resembles more nearly that of the dog 
than that of the rat. 

Richterich & Goldstein (259) determined the distribution of glutaminase 
I, glutaminase II, and the glutamine synthesizing enzyme system in the 
kidneys of four mammalian species (dog, rabbit, rat, and guinea pig). In all 
four species, enzyme activity was highest in the cortex and inner medulla, 
and glutaminase I activity was the highest of the three. These authors con- 
sider that, as the major source for urinary ammonia is in the collecting tubule 
(260, 261), the glutaminase-I activity in this site is largely responsible for 
urinary ammonia. They believe that other amino acids which appear to serve 
as precursors for urinary ammonia probably do so by a transamination reac- 
tion with ketoglutarate to yield glutamic acid which then directly contributes 
the ammonia. This scheme would side-step the dilemma created by the ap- 
parent absence of glycine oxidase in the rat kidney (262) and of L-amino acid 
oxidase in the dog kidney (263) with the fact that glycine in the rat and vari- 
ous L-amino acids in the dog serve as apparent precursors to urinary am- 
monia. 

Madison & Seldin (264) argued, on the other hand, that several amino 
acids could serve directly as ammonia precursors in man. They maintained a 
state of acidosis by chronic loading with increasing doses of ammonium 
chloride. Under these conditions various amino acids were administered 
orally and their effects on urinary ammonia excretion determined. By com- 
paring the magnitude of response in ammonia excretion to a fixed amino acid 
load at several different levels of ammonium chloride administration, those 
enzymes appearing to adapt were identified. By this technique it was con- 
cluded that in the human kidney, glutaminase, asparaginase, glycine oxidase, 
L-amino acid oxidase, and D-amino acid oxidase are present and adapt to 
chronic acid loads whereas glutamic dehydrogenase, proline oxidase, and 
aspartic transaminase do not. They speculate that the in vitro finding of low 
L-amino acid oxidase in mammalian kidney might be circumvented if an 
amino acid racemase were present, as D-amino acid oxidase is very abundant 
in mammalian kidneys (265). 

Whether the increased ammonium excretion that follows administration 
of an acidifying salt is caused by the associated sodium depletion or by the 
acidosis itself was investigated by Santos (266). By preloading normal sub- 
jects with sodium and then giving ammonium chloride he demonstrated the 
usual progressive rise in urinary ammonium excretion while the extracellular 
fluid volume was still overexpanded as judged by the subject’s weight. 

Schwartz and associates (267) examined the effect of urinary ionic 
strength on the apparent dissociation constant of phosphate, pK.’. Values 
for pK,’ in the urine were estimated to be between 6.56 and 6.98. The effect 
on the value of “titratable acidity” of such shifts in pK,’ of phosphate is 
considered and in some instances shown to produce sizable errors in this 
value. 
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Ullrich & Eigler (268) demonstrated directly by pH measurements of 
fluid obtained by microcatheterization of individual collecting ducts that 
acidification of the urine occurs in the collecting tubules. In a parallel investi- 
gation Ullrich, Hilger & Kliimper (261) used their microcatheterization tech- 
nique to demonstrate that the increase in concentration of ammonium in the 
urine of the collecting tubules is considerably greater than the increase in 
concentration of inulin. Hence ammonium is secreted into the urine of the 
collecting tubule. From the figures shown it is evident that a major portion of 
the urinary ammonium enters the urine during its passage through the col- 
lecting tubules. As sodium reabsorption also occurs in this region, these 
authors consider it likely that the latter is reabsorbed in ion exchange for am- 
monium and hydrogen ions. No evidence for an exchange of sodium against 
potassium, however, was observed in the collecting tubules. 

Malvin et al. (56) used the ‘“‘stop-flow”’ technique to localize the site of 
reabsorption of bicarbonate along the renal tubule. Sodium bicarbonate- 
loaded dogs were found to reabsorb bicarbonate avidly in a far distal seg- 
ment which coincides with the site of most marked sodium reabsorption. In 
the proximal segments a more gradual decline in bicarbonate concentration 
was observed indicating some reabsorption there as well. Chloride concen- 
tration rose in fluid from the proximal segments apparently even more than 
expected from the drop in bicarbonate concentration. In some experiments 
the ratio of urine chloride to urine creatinine divided by their plasma ratio 
exceeded that observed during free flow. The authors suggest the possibility 
that hydrochloric acid secretion into the proximal tubule might occur. Until 
more is known about the permeability of the renal tubule to the back reab- 
sorption of various urinary constituents during the conditions of stop-flow, 
such observations are difficult to interpret. 

More direct evidence for acidification in the proximal tubule has been 
briefly reported by Gottschalk et al. (269) from micropuncture measurements. 
Hence classical concepts of the sites of renal acidification appear to be gaining 
strength by evidence accumulating from new and old techniques. 

The concept that all bicarbonate reabsorption is dependent upon secretion 
of hydrogen ions (270, 271) and hence dependent upon carbonic anhydrase 
activity has been challenged. Hanley et al. (272) administered acetazole- 
amide intravenously to normal human subjects starting with 3 mg. and pro- 
gressively increased the dose each 20 min. to a cumulative total of approxi- 
mately 1 gm. in 2 hr. The results were interpreted as indicating that as the 
dose increased, bicarbonate reabsorption approached asymptotically a limit- 
ing value equal to roughly three-quarters of the initial level of bicarbonate re- 
absorption. Thus they conclude that in man the renal tubules reabsorb about 
75 per cent of the filtered bicarbonate by one or more mechanisms which are 
not dependent on carbonic anhydrase. When dogs were given large doses of 
sodium acetazoleamide, transient but considerable increases in serum bicar- 
bonate concentrations occurred. When due allowance was made for the re- 
sulting increased filtered load, the maximum amount of bicarbonate excreted 
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in the urine of the dogs after large doses of the drug was 60 per cent of the 
filtered load. 

It is not clear that these observations do in fact constitute a criticism of 
the concepts of Schwartz & Relman regarding the major role of the carbonic 
anhydrase in bicarbonate reabsorption. The results of Hanley et al. (272) in 
dogs do not differ greatly from those previously reported. Schwartz et al. 
(273) demonstrated that, in doses of 50 to 500 mg./kg., acetazoleamide has 
renal actions which are mimicked by analogues of acetazoleamide which lack 
carbonic anhydrase activity. Hence the high dosage schedules used in the 
dogs may not be pertinent. On the other hand, in the lower dosage range the 
changes in plasma bicarbonate consequent to injection of sodium acetazole- 
amide cause only insignificant errors in the estimate of the bicarbonate load 
and the results shown do not differ from findings of the earlier workers. 
Evaluating the results of Hanley et al. (272) in man is further complicated 
by the dosage schedule they used. A total of 1 gm. of acetazoleamide given 
cumulatively over a 2-hr. period may produce results different from the 
acute effects observed when the same total dose is given as a single injection. 
In dealing with an enzyme inhibitor, the action of which is dependent upon 
rates of entry and uptake by the cells which contain the target enzyme, one 
is in a stronger position to assess the total role of the enzyme in a given reac- 
tion by determining the degree of inhibition of its catalyzed reaction over a 
wide range of substrate concentrations and reaction conditions, as Schwartz 
and co-workers (274) did, than to study the effects of its inhibition under a 
single set of conditions as Hanley et al. did (272). 

Carter, Seldin & Teng (275) found that rats given sufficient acetazole- 
amide to inhibit all renal carbonic anhydrase activity completely, as indicated 
by assays of tissue, could still increase their tubular reabsorption of bicar- 
bonate. They attributed this ability to an increased rate of uncatalyzed 
hydrogen ion secretion consequent to the very high plasma pCO, levels at- 
tained in their experiments. Whether the finding of absent enzyme activity 
by tissue assay means that all activity had been inhibited in vivo remains to 
be seen. 

The major problem confronting renal physiology is the manner in which 
individual solutes are reabsorbed from the tubular urine. In the case of ions 
can one, or at most only a few, active transport processes occur which when 
coupled with selective permeability characteristics of the tubular cell mem- 
brane account for all reabsorption and secretion of ions, or must there be a 
single transport process for each ion? Electrical potentials were measured 
across the renal tubular epithelium with the luminal side electronegative to 
the interstitial fluid side (65, 68). If such a potential, probably generated 
by active sodium reabsorption, is responsible for chloride reabsorption, will 
it not also result in reabsorption of bicarbonate and other anions? Differ- 
ences in membrane permeability could account then for the observed differ- 
ences in the rates of reabsorption of different anions. Such a single driving 
force with reabsorption dependent upon specific ion mobilities in the tubular 
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cell membrane would account for the earlier observations of Rapaport & 
West (276) on anion reabsorption. In the light of these considerations it seems 
likely that some bicarbonate would be reabsorbed by the electrical forces 
responsible for chloride reabsorption and that no single process such as hy- 
drogen ion secretion should be necessary to account for all the bicarbonate 
reabsorption. In fact, were the same electrical gradient responsible for chlo- 
ride and some bicarbonate reabsorption likewise responsible for the secretion 
of hydrogen ions into the tubular urine, the process of bicarbonate reabsorp- 
tion and hydrogen reabsorption would be truly indistinguishable except that 
bicarbonate reabsorption might continue, but at a slower rate, even when all 
hydrogen ion secretion stopped. 

Levitin and associates (277) have indicated that the hypochloremia of 
respiratory acidosis results from a net loss via renal excretion of chloride 
from the body rather than from an intracellular storage of chloride or its 
dilution in the extracellular fluid by retained sodium bicarbonate and water. 
The changes in tissue carbon dioxide content in tissues of rats exposed to 24 
per cent carbon dioxide were examined by Nichols (278). He found that fol- 
lowing an initial profound respiratory acidosis the pH of plasma rose grad- 
ually after 7 to 15 hr. though remaining well below normal values throughout 
the 48 hr. of the experiments. The total CO, of the brain and muscle in- 
creased rapidly and reached a plateau in about 5 hr. Unlike the plasma, how- 
ever, the calculated pH of these tissues failed to show any secondary rise. 
Total CO, of bone did not increase and the suggestion is made that it is in 
equilibrium with carbonate ion of extracellular fluids rather than with carbon 
dioxide or bicarbonate directly. 

Schwartz and co-workers (279) considered the contribution of bicarbonate 
wasting and of impaired acid excretion (ammonium and titratable acids) 
to the acidosis of chronic renal failure. They find that both factors may be 
important and that bicarbonate wasting is common in chronic renal failure 
and not associated only with conditions of renal tubular acidosis, as fre- 
quently assumed. They point out that since both bicarbonate reabsorption 
and formation of titratable acidity and ammonium are tubular activities, all 
acidosis of chronic renal failure is in this sense ‘‘tubular acidosis”’. 

Portwood and co-workers (280) examined the relationship in man during 
water diuresis of the gradient of CO; tension between urine and plasma. They 
attribute the higher urinary CO; tensions to secretion of hydrogen ions into 
luminal fluid containing bicarbonate with failure of equilibration of the CO2 
thus formed with that in plasma. They also find that increases in urinary 
buffer moderately increase the CO, gradients. Hence, both the classic ex- 
planations (281, 282) are supported. Portwood et al. also argue that aceta- 
zoleamide must have its principal site of action in the proximal tubule to ac- 
count for the high urinary CO, tensions observed following its administra- 
tion. This conclusion is contrary to the stop-flow analysis of its site of action 
which would appear to be mainly in the distal tubule or collecting system 
(57, 283). 
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The metabolic alkalosis associated so commonly with potassium depletion 
is attributed by Grollman & Gamble (284) to a specific effect of adrenocortical 
hormones rather than to potassium deficiency per se. Thus they found that 
dogs placed on a potassium-restricted diet lost approximately 15 per cent of 
their muscle potassium but did not develop alkalosis. However, administra- 
tion of deoxycorticosterone, ACTH, or cortisone to such animals evoked a 
metabolic alkalosis which was sustained only as long as the hormones were 
administered. In spite of continued potassium restriction alkalosis disap- 
peared when the hormone administration was stopped. On the other hand 
alkalosis induced by cortisone administration or by bicarbonate administra- 
tion during moderate sodium restriction was not associated with potassium 
loss. From these results they conclude that the alkalosis is a relatively direct 
effect of corticosteroids and that it can not dependably be related to losses 
of potassium from the body. 

Caldwell (285) succeeded in making direct measurements of the internal 
pH of muscle fibers of crabs and of the giant axon of the squid with microglass 
electrodes. The intracellular pH was found normally to be near seven. During 
muscle contraction and following depolarization of the nerve, pH changes 
less than 0.1 pH unit. The internal pH of crab muscle and squid axon does 
not appear to be regulated by the Donnan equilibrium. The cell membranes 
appear permeable to CO, but not to bicarbonate so that internal pH is sensi- 
tive to external carbon dioxide tension. The great importance of the extracel- 
lular carbon dioxide tension in determining intracellular pH was substanti- 
ated by Waddell & Butler (286) who indirectly estimated the intracellular 
pH of skeletal muscle of dogs by determining the distribution of a weak 
organic acid, 5,5-dimethyl-2,4-oxazolidinedione, between muscle cell water 
and extracellular fluids. By this method they calculated the intracellular pH 
of normal resting muscle to average 7.04. The greatest changes in pH of mus- 
cle were produced by raising the carbon dioxide tension of blood which low- 
ered muscle pH whether or not the blood pH was lowered. Eckel et al. (287) 
estimated the pH of skeletal muscle and obtained values of 6.89 and 6.83 by 
the distribution of CO2 and of 7.11 and 7.05 from muscle homogenates for 
intracellular pH of muscle from normal and potassium-deficient rats respec- 
tively. 

The effect of physiologic acids on the electrolyte content of rat dia- 
phragms in vitro was tested [Rogers (288)] and the results contrasted with 
earlier data (289) on the effect of similar acidification of the media produced 
by hydrochloric acid. When acetic, lactic, and 8-hydroxybutyric acids were 
used to lower medium pH, the sodium and potassium content of muscle was 
the same at each pH. With acetic acid, muscle potassium was actually re- 
tained in excess of the controls kept at pH 7.4. This is in contrast to the 
efflux of sodium and potassium previously observed on adding hydrochloric 
acid to the medium. The explanation given is that when a non-penetrating 
acid such as hydrochloric acid is added to the medium the extracellular pH 
drops more than that within the cells and this promotes an outward exchange 
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of cell potassium and sodium with an inward movement of extracellular hy- 
drogen. On the other hand when a physiologic acid which readily penetrates 
cells, such as acetic acid, is added to the medium, the lower buffering capacity 
of intracellular fluids is thought to result in a higher intracellular hydrogen 
ion concentration which in turn promotes an outward exchange of intracellu- 
lar hydrogen ion against an inward movement of extracellular cation. This 
would explain even a gaia in cellular potassium. 

Robin and associates (290) explained the ‘‘paradoxical’’ shifts of spinal 
fluid pH which are associated with pH changes of arterial blood by the fact 
that the spinal fluid compartment is permeable to CO» while changes in 
bicarbonate concentration take place slowly. The condition is quite compa- 
rable to that found for intracellular fluid (285, 286). Thus, ammonium chlo- 
ride administration to dogs produces acidosis in arterial blood and a simulta- 
neous rise in pH of spinal fluid while sodium bicarbonate alkalinizes the arte- 
rial blood but simultaneously reduces spinal fluid pH. 

Elliot and associates (291) measured urinary pH in normal men and wom- 
en and conclude that wide fluctuations of urinary pH occur during the day 
with diurnal fluctuations but that the mean urinary pH of 5.85 is close to the 
value of 6.03 reported in 1913 by Henderson & Palmer (292). Wesson re- 
ported the effects of acute elevation of blood CO, tension on the renal excre- 
tion of chloride and sodium by the dog (293). 

Muntwyler et al. (294) also tried to evaluate the role of renal versus in- 
tracellular-extracellular adjustments on the plasma bicarbonate concentra- 
tions of rats depleted of sodium, potassium, and chloride. Their results 
seemed to indicate that plasma bicarbonate is more directly associated with 
renal regulation than with estimated cellular hydrogen ion exchange. How- 
ever, the technique of assessing intracellular changes in hydrogen ion activity 
from estimates of intracellular sodium and potassium contents would seem to 
be insensitive. 


MISCELLANEOUS 


Sréter & Friedman (295) observed the changes in serum sodium, potas- 
sium, and lactic acid which occurred after muscular exercise in the rat. Old 
rats and untrained rats showed largest increases in serum potassium and 
lactate with exercise. Scribner et al. (296) were unable to alter serum potas- 
sium levels in dogs acutely even with large rapid increases in extracellular 
fluid volume. Fregly & lampietro (297) studied the effects of dietary supple- 
mentation with potassium on work performance in the desert. In spite of 
large sweat losses, usual levels of potassium intake of 70 to 75 m.eq. per day 
sufficed to maintain performance as well as twice this amount. 

Samachson & Lederer (298) compared the ultrafilterability of calcium 
and strontium in serum and found that calcium is more completely bound to 
protein than is strontium. Kleeman et al. (299) found that the state of thyroid 
function had no effect on the filterability of serum magnesium. The total 
serum magnesium level in normal adults averaged 2.13 mg. per 100 ml. of 
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which 74 per cent was filterable. Prasad & Flink (300) determined the ultra- 
filterable calcium in a large number of patients and found that a normal total 
calcium may be associated with abnormal ultrafilterable calcium, particu- 
larly in cases with abnormal serum proteins, acidosis, alkalosis, and hyper- 
phosphatemia. In these cases a comparison of determined ultrafilterable 
calcium showed poor agreement with that calculated from the McLean & 
Hastings nomograph (301). 

LeBrie & Mayerson (302) cannulated capsular lymphatics of dog kidneys 
and found sodium and chloride concentrations in this fluid to be considerably 
higher than their plasma levels. From this they argue that the lymph arises 
from tubular reabsorbate as well as from capillary transudate but that the 
rate of lymph flow is too low to make it likely that renal lymphatics play a 
major role in transporting tubular reabsorbate in the normal kidney. 

Hsia et al. (303) found higher sodium and chloride concentrations in the 
sweat of a larger proportion (55 per cent) of allergic patients than in a control 
group (13 per cent). This unexplained phenomenon appeared to be unrelated 
to age, sex, race, medication, or type of allergy. 

Rubin and co-workers (322) could detect no effect of surgery on renal ex- 
cretion of sodium in children or infants. Hinshaw et al. (304) found that endo- 
toxin effects on the kidney are primarily vascular. 

Mullins (305) found that chloride ions penetrate the frog skin approxi- 
mately 2.5 times more rapidly than iodide. This observation is difficult to 
explain on the basis of their hydrated ionic sizes, which are presumably quite 
similar, and he suggests that penetration rates are related to the crystal 
radius of the ion rather than to its hydrated size. 

The ratio of the different protein fractions occurring in the urine of nor- 
mal males following vigorous exercise was found to be practically identical 
with the protein spectrum in blood serum [Nedbal & Seliger (306)]. An albu- 
min loading test was used by Gregoire, Malmendier & Lambert (307) to as- 
sess glomerular versus tubular factors responsible for the proteinuria ob- 
served in patients with various types of renal disease. Increased glomerular 
permeability to proteins was the major factor causing proteinuria, but some 
decrease in tubular reabsorptive capacity was apparent as a contributory 
factor. Hecht (308) measured the renal clearance of polyvinylpyrrolidon in 
normal humans and in animals in order to study the renal mechanisms for 
excreting colloids. 

Peters (309) reports detailed studies of renal clearances in unanesthetized 
rats under various states of diuresis. The inulin and endogenous creatinine 
clearances were virtually identical, but the exogenous creatinine clearance at 
high plasma levels was about twice the inulin clearance. Filtration rate ap- 
pears to be quite labile in this species, increasing markedly with water diuresis 
and less so during osmotic diuresis. 

Bing & Wiberg (310) attempted to locate the site of formation of renin in 
hog and rabbit kidneys and believe it is unlikely that renin is formed only in 
the glomeruli and juxtaglomerular apparatus. Fischermann (311), comparing 
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of cell potassium and sodium with an inward movement of extracellular hy- 
drogen. On the other hand when a physiologic acid which readily penetrates 
cells, such as acetic acid, is added to the medium, the lower buffering capacity 
of intracellular fluids is thought to result in a higher intracellular hydrogen 
ion concentration which in turn promotes an outward exchange of intracellu- 
lar hydrogen ion against an inward movement of extracellular cation. This 
would explain even a gain in cellular potassium. 

Robin and associates (290) explained the ‘‘paradoxical’’ shifts of spinal 
fluid pH which are associated with pH changes of arterial blood by the fact 
that the spinal fluid compartment is permeable to CO» while changes in 
bicarbonate concentration take place slowly. The condition is quite compa- 
rable to that found for intracellular fluid (285, 286). Thus, ammonium chlo- 
ride administration to dogs produces acidosis in arterial blood and a simulta- 
neous rise in pH of spinal fluid while sodium bicarbonate alkalinizes the arte- 
rial blood but simultaneously reduces spinal fluid pH. 

Elliot and associates (291) measured urinary pH in normal men and wom- 
en and conclude that wide fluctuations of urinary pH occur during the day 
with diurnal fluctuations but that the mean urinary pH of 5.85 is close to the 
value of 6.03 reported in 1913 by Henderson & Palmer (292). Wesson re- 
ported the effects of acute elevation of blood CO; tension on the renal excre- 
tion of chloride and sodium by the dog (293). 

Muntwyler et al. (294) also tried to evaluate the role of renal versus in- 
tracellular-extracellular adjustments on the plasma bicarbonate concentra- 
tions of rats depleted of sodium, potassium, and chloride. Their results 
seemed to indicate that plasma bicarbonate is more directly associated with 
renal regulation than with estimated cellular hydrogen ion exchange. How- 
ever, the technique of assessing intracellular changes in hydrogen ion activity 
from estimates of intracellular sodium and potassium contents would seem to 
be insensitive. 


MISCELLANEOUS 


Sréter & Friedman (295) observed the changes in serum sodium, potas- 
sium, and lactic acid which occurred after muscular exercise in the rat. Old 
rats and untrained rats showed largest increases in serum potassium and 
lactate with exercise. Scribner et al. (296) were unable to alter serum potas- 
sium levels in dogs acutely even with large rapid increases in extracellular 
fluid volume. Fregly & lampietro (297) studied the effects of dietary supple- 
mentation with potassium on work performance in the desert. In spite of 
large sweat losses, usual levels of potassium intake of 70 to 75 m.eq. per day 
sufficed to maintain performance as well as twice this amount. 

Samachson & Lederer (298) compared the ultrafilterability of calcium 
and strontium in serum and found that calcium is more completely bound to 
protein than is strontium. Kleeman et al. (299) found that the state of thyroid 
function had no effect on the filterability of serum magnesium. The total 
serum magnesium level in normal adults averaged 2.13 mg. per 100 ml. of 
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which 74 per cent was filterable. Prasad & Flink (300) determined the ultra- 
filterable calcium in a large number of patients and found that a normal total 
calcium may be associated with abnormal ultrafilterable calcium, particu- 
larly in cases with abnormal serum proteins, acidosis, alkalosis, and hyper- 
phosphatemia. In these cases a comparison of determined ultrafilterable 
calcium showed poor agreement with that calculated from the McLean & 
Hastings nomograph (301). 

LeBrie & Mayerson (302) cannulated capsular lymphatics of dog kidneys 
and found sodium and chloride concentrations in this fluid to be considerably 
higher than their plasma levels. From this they argue that the lymph arises 
from tubular reabsorbate as well as from capillary transudate but that the 
rate of lymph flow is too low to make it likely that renal lymphatics play a 
major role in transporting tubular reabsorbate in the normal kidney. 

Hsia et al. (303) found higher sodium and chloride concentrations in the 
sweat of a larger proportion (55 per cent) of allergic patients than in a control 
group (13 per cent). This unexplained phenomenon appeared to be unrelated 
to age, sex, race, medication, or type of allergy. 

Rubin and co-workers (322) could detect no effect of surgery on renal ex- 
cretion of sodium in children or infants. Hinshaw et al. (304) found that endo- 
toxin effects on the kidney are primarily vascular. 

Mullins (305) found that chloride ions penetrate the frog skin approxi- 
mately 2.5 times more rapidly than iodide. This observation is difficult to 
explain on the basis of their hydrated ionic sizes, which are presumably quite 
similar, and he suggests that penetration rates are related to the crystal 
radius of the ion rather than to its hydrated size. 

The ratio of the different protein fractions occurring in the urine of nor- 
mal maies following vigorous exercise was found to be practically identical 
with the protein spectrum in blood serum [Nedbal & Seliger (306)]. An albu- 
min loading test was used by Gregoire, Malmendier & Lambert (307) to as- 
sess glomerular versus tubular factors responsible for the proteinuria ob- 
served in patients with various types of renal disease. Increased glomerular 
permeability to proteins was the major factor causing proteinuria, but some 
decrease in tubular reabsorptive capacity was apparent as a contributory 
factor. Hecht (308) measured the renal clearance of polyvinylpyrrolidon in 
normal humans and in animals in order to study the renal mechanisms for 
excreting colloids. 

Peters (309) reports detailed studies of renal clearances in unanesthetized 
rats under various states of diuresis. The inulin and endogenous creatinine 
clearances were virtually identical, but the exogenous creatinine clearance at 
high plasma levels was about twice the inulin clearance. Filtration rate ap- 
pears to be quite labile in this species, increasing markedly with water diuresis 
and less so during osmotic diuresis. 

Bing & Wiberg (310) attempted to locate the site of formation of renin in 
hog and rabbit kidneys and believe it is unlikely that renin is formed only in 
the glomeruli and juxtaglomerular apparatus. Fischermann (311), comparing 
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the renin content of normal and partially corticectomized rabbit kidneys, 
found little loss in renin content when the renal cortex was removed. These 
results also indicate that renin is probably not formed solely in the cortical 
tissue. 

May & Barelare (312) studied the effect of increased bladder pressure on 
urine output and found no definite relationship. Dance, Lloyd & Pickford 
(313) observed the effects of stilbesterol on the renal activity of conscious 
dogs and conclude that the neurohypophysis is in some way concerned in the 
response to stilbesterol. Stephan & Metz (314) conclude from their findings 
that thyroidectomy in rats leads to an increased excretion of water, sodium, 
and potassium which is independent of the activity of the adrenal cortex. 

Ullrich (315) measured the relative turnover rate of glycerylphosphoryl 
choline in the kidney with the aid of P* in an attempt to link the activity of 
the glycerylphosphoryl choline with the renal concentrating mechanism. The 
turnover was slower in medulla than in the cortex where the content of 
glycerylphosphoryl choline diesterase was one-fourth the amount in the 
cortex. The role of this compound in relation to known kidney functions re- 
mains to be settled. Dohi et al. (316) showed that serum ribonuclease is in- 
activated in the kidneys by comparing its much higher levels in nephrecto- 
mized dogs than in dogs with ureterovenous anastamoses. 

Lassiter & Stanbury (317) made simultaneous determinations of the renal 
clearance of I'*!-labelled di-iodotyrosine and I'*-labelled iodide and found 
that the apparent renal clearance of di-iodotyrosine is lower than its true 
clearance because of intrarenal deiodination of di-iodotyrosine. 

Cotzias (318) discussed present knowledge regarding the absorption, 
distribution, and excretion of manganese. 

Sims & Krantz (319) have made serial measurements of renal clearances 
throughout pregnancy. Glomerular filtration rate showed an increase of 50 
per cent which persisted throughout pregnancy while renal blood flow was 
only about 25 per cent above the control during the first two trimesters and 
fell to control levels in the last three months and even lower during the puer- 
perium. Thus, the filtration fraction was elevated throughout pregnancy. 

Rosenfeld et al. (320) reported their results in developing an isolated per- 
fused mammalian kidney. 

An important role of the kidney in erythropoiesis was confirmed by 
Naets (321). A comparison of normal, nephrectomized, and ureteral-ligated 
dogs revealed that erythropoiesis was almost normal in the ureteral-ligated 
dogs, showing that the absence of a kidney factor is responsible for the im- 
paired erythropoiesis in nephrectomized dogs. In keeping with this interpre- 
tation were the following findings: The normal and ureteral-ligated dogs 
showed similar disappearance curves of Fe®® from plasma, equally rapid turn- 
over of plasma iron, and equal rates of incorporation of Fe®® into red cells 
whereas in the nephrectomized animals these indices of blood formation were 
all reduced. 
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INTRODUCTION 


The term ‘fuel’ can be taken to mean any compound from which an organ- 
ism, through its normal metabolic processes, may obtain energy. The physi- 
ological and biochemical implications of this are extremely broad and the 
authors have found it difficult to cover the field adequately on a fully com- 
parative basis. Consequently, only selected topics will be dealt with. The 
reviewers will examine the relative importance of those materials, primarily 
carbohydrates and fats, which constitute fuel reserves in the organisms se- 
lected for discussion and will, furthermore, attempt to compare the biological 
intermediates and processes through which these reserves are made available 
as energy. 

Recent developments in the study of energy-producing mechanisms have 
pointed to the biochemical unity of life, that is, that processes involved in 
energy production are quite uniform for different species. Thus, the inter- 
mediary mechanisms of glycolysis, the citric acid cycle, and phosphorylation 
coupled to respiratory chain oxidations with the entrapment of energy as 
adenosine triphosphate are now considered basic properties of living tissue. 
Furthermore, the storage of phosphate bond energy as phosphocreatine and 
phosphoarginine has long been regarded as providing immediately available 
reservoirs of energy for the contractile process in many organisms. Studies 
with vertebrate tissues have led to the concept that glycogen is the most 
conveniently stored and readily mobilizable fuel to support vigorous muscu- 
lar activity. Fat is generally considered an inferior source of energy for such 
activity because it is less readily mobilized and because its degradation de- 
pends entirely on aerobic mechanisms which become limiting as a result of 
oxygen deficit during periods of strenuous exercise. An examination of the 
energy-yielding processes in the organisms considered here does, indeed, 
point to a general concept of biochemical unity. The reviewers will point out 
in addition, however, that manifold deviations from conventional metabolic 
processes do occur. Furthermore, these deviations may play vital roles in the 
energy economy of the organism. It will also be seen that, in contrast to the 
concept that glycogen is the most readily available fuel for muscular activity, 


1 The survey of literature pertaining to this review was concluded in June, 1959. 

2 Among the abbreviations used in this chapter are: AMP (adenosinemonophos- 
phate); DPNH (diphosphopyridine nucleotide); P/O ratio (phosphorus/oxygen ra- 
tio); and PR enzyme (phosphorylase-rupturing enzyme). 
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some organisms are capable of burning fat at rates quite adequate to support 
intense and prolonged muscular work. 

The period covered by the review is largely confined to the past five years. 
Older investigations having an important bearing on the discussion have been 
referred to where necessary. Wherever possible, reviews of related subjects 
have been pointed out. In order to present as complete a picture as possible 
the authors have, when needed, made reference to work previously covered 
in other reviews. 


HELMINTHS 


The metabolism of parasitic helminths has received considerable atten- 
tion during recent years, and several reviews regarding the biochemistry and 
physiology of this group of organisms are available (1 to 4). Because many 
parasitic worms live in the intestinal tract and bile ducts where oxygen ten- 
sion is low, it has been generally assumed that energy is supplied almost ex- 
clusively by the anaerobic degradation of carbohydrate. Certainly all evi- 
dence points to glycogen as the chief fuel reserve. With few exceptions, 
helminths are characterized by a high polysaccharide content which varies in 
different species from 10 to 60 per cent of the dry weight (1, 2, 5 to 12). 
Ascaris and Parascaris polysaccharides have been shown on the basis of 
physical and chemical properties to be essentially identical to mammalian 
glycogen (13, 14). Fairbairn & Passey (12) have shown that most of the 
glycogen in these two nematodes is found in the muscle, but it is also present 
in all other tissues including hemolymph. 

Carbohydrate in the diet of the host is apparently an important precursor 
of parasite glycogen. The rat tapeworm Hymenolepis diminuta (15, 16) and 
also Moniliformis dubius (17) exhibit glycogenesis im vitro when glucose is 
made available. Starvation prior to glucose administration increases the rate 
of glycogenesis in H. diminuta (18). The quantity and quality of carbohy- 
drate in the host influences the amount of glycogen stored in many parasites 
(2, 4, 8). In addition carbohydrate deficiency in the host diet has been shown 
by Read et al. (18 to 22) to cause a marked reduction in worm size. 

The rate of carbohydrate metabolism in these organisms is very high (5, 
6, 7). For example, it has been demonstrated that the glycogen consumption 
of Ascaris lumbricoides (1) and H. diminuta (23) is 1.4 and 5.1 gm. per 100 
gm. of worms respectively during a 24-hr. period. 

Recently Fairbairn has demonstrated the presence of the non-reducing 
disaccharide trehalose in A. lumbricoides (12) and also in Porrocaecum de- 
cipiens larvae (11). In a further study (24) he has shown it to be the major 
low-molecular-weight carbohydrate in a number of nematodes, cestodes, and 
trematodes and in a variety of other invertebrates, including protozoa, mol- 
luscs, annelids, and arthropods. The significance of this disaccharide as a pos- 
sible energy reserve in these organisms has not yet been determined, but 
Fairbairn has reported (25) that the trehalose reserves of embryonating eggs 
of Ascaris were depleted during the period of active cell division. 











FUEL OF MUSCLE METABOLISM 171 


Although glycogen is certainly the essential energy reserve for all para- 
sitic helminths, knowledge concerning the pathways of energy metabolism 
is only fragmentary. There is evidence that Ascaris muscle can carry out the 
phosphorylative glycolytic transformations of the Embden-Meyerhof scheme 
(26, 27). Fermentation in Echinococcus granulosus (6, 28) is highly sensitive 
to inhibitors of glycolysis and, in fact (29), this organism has recently been 
shown to possess a glycolytic pathway not unlike that in vertebrates. 
Goldberg (30) and Agosin & Aravena (31) have studied a number of enzymes 
of the glycolytic pathway in Trichinella spiralis larvae, the latter authors 
having conducted individual assays for hexokinase, phosphohexoisomerase, 
aldolase, glycerophosphate dehydrogenase, triosephosphate dehydrogenase, 
and lactic dehydrogenase. Phosphate was esterified, suggesting that this 
system could be an important energy-forming mechanism for the parasite. 
Similar enzymes have been studied in H. diminuta by Read (32). There is also 
evidence that the pentose phosphate pathway may function as an energy 
supply mechanism in a number of helminths. Thus, de Ley & Vercruysse (33) 
have demonstrated a TPN-linked glucose-6-phosphate dehydrogenase in a 
large number of worms including trematodes, cestodes, and nematodes. 
Entner (34) has reported a detailed study of the essential enzymes of the 
pentose phosphate pathway in Ascaris which suggests that either glycolysis 
or the pentose phosphate cycle could account for the fermentation of carbo- 
hydrate in this nematode. In contrast to vertebrate glycolysis, however, 
lactate is only a minor end product in helminths, the chief products of fer- 
mentation being volatile fatty acids (4, 5, 31, 35). The mechanism by which 
these acids are formed is not yet clear. Fairbairn (4) has suggested that in 
intact Ascaris the usual glycolytic reactions may proceed almost as far as 
lactate, but at some undetermined point diverted to the formation of C2 to Cz 
acids. Agosin & Aravena (31) have suggested that pyruvate may be their 
precursor in T. spiralis. 

The contribution of oxidative mechanisms to the energy supply of hel- 
minths is not well understood; in fact, their im vivo requirement for oxygen is 
not known. Many of them probably have access to only small amounts of 
oxygen, because their habitats contain very little of this gas. The possibility 
has been suggested (1) that muscular contraction in Ascaris is related to 
aerobic metabolism, but the motility of this organism is known to be of a 
very low order. In vitro, oxygen can be utilized and enzymes for oxidative 
metabolism are present in the tissues of many helminths. Cytochrome 
oxidase has been demonstrated in H. diminuta (36). Bueding & Charms 
(37, 38) have shown that the muscle of A. lumbricoides, Litmosoides carinit, 
and Schistosoma mansoni contains only traces of cytochrome-c and cyto- 
chrome oxidase and they concluded that the transfer of electrons to oxygen 
in these tissues is mediated predominantly, if not exclusively, by respiratory 
catalysts other than the cytochrome system. Goldberg (39) has furnished 
strong evidence for the existence of the cytochrome system and the tricar- 
boxylic acid cycle in the tissues of T. spiralis. Costello & Grollman (40) 
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reported a high oxygen requirement and the possible presence of a cyto- 
chrome system in Strongyloides papillosus infective larvae. It was suggested 
that the high activity of these forms resulted in a high energy requirement. In 
a later study (41) evidence has been provided for the existence of the citric 
acid cycle in this organism. An active succinoxidase system is known to be 
present in Ascaris (42, 43) and a dialyzable factor in Ascaris perienteric fluid 
which stimulates respiration in muscle has been identified as succinate (44). 
In addition Saz & Hubbard (45) have identified fumarase and malic de- 
carboxylase in Ascaris which suggests that the citric acid cycle is functioning 
in this organism also. Furthermore, oxidation of succinate, pyruvate, and 
a-ketoglutarate in suitably fortified homogenates of Ascaris muscle is asso- 
ciated with esterification of inorganic phosphate (27, 43). It is interesting 
that the muscle of this organism does not contain appreciable amounts of 
high-energy phosphate reserves such as phosphocreatine or phosphoargine 
(46), which is probably consistent with its generally low level of muscular 
activity. Much more work must be done before the importance of aerobic 
metabolism in the energy economy of helminths can be evaluated either 
for muscular activity or for other purposes. Although aerobic mechanisms 
are present, the evidence to date strongly suggests that a large portion of 
their energy requirements is met by the energetically inefficient process of 
fermentation. 


INSECTS 


Insect flight muscles can contract at rates of up to a 1000 per sec. for as 
many as a million consecutive contractions and are the most mechanically 
active tissues known in nature. The mechanisms which provide and control 
the energy for this intense activity are therefore of great interest. In the past 
few years, this subject has received increasingly deserved attention, and sev- 
eral excellent reviews dealing with the biochemistry and physiology of insects 
are available (47 to 51) including a recent thorough review of insect carbohy- 
drate metabolism by Rockstein (52). 


FUEL RESERVES FOR FLIGHT 


With respect to flight energy reserves, insects may be divided into two 
groups, those which utilize carbohydrate and those which utilize fat. During 
a study of the respiratory metabolism of Drosophila melanogaster, Chadwick 
(53) observed that the R.Q. of this insect during flight was 1.0 and concluded 
that carbohydrate constituted the only source of flight energy. Wigglesworth 
(54), using staining techniques, showed that glycogen reserves had com- 
pletely disappeared from the flight muscle of this insect flown to exhaustion, 
while there was no apparent reduction in stored fat. Although fat could be 
utilized at rest, this occurred at a rate insufficient to support continuous 
flight. Similarly, Clements (55) observed a depletion of glycogen reserves in 
a strain of Culex pipiens flown to exhaustion, while fat depots were un- 
touched. When this mosquito was flown repeatedly to exhaustion, then fed 
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glucose, it could resume flight within a minute from starting to feed. North- 
ern biting flies Tabanus sp. obtain energy for flight almost exclusively from 
floral nectar (56) which contains up to 77 per cent sugars. Sotovalta (57) has 
calculated that the rate of consumption of sugar in the honey bee Apis 
mellifera flying with a wing beat frequency of 220 per sec. was 10.8 mg. per 
hr. or 13.6X10~* mg. per stroke. In an exhaustive study of the metabolism 
of housefly (Musca domestica) flight muscles, Sacktor (58) found that ho- 
mogenates of these tissues vigorously oxidized carbohydrates but were un- 
able to oxidize added fatty acids. This suggested that in this insect also, gly- 
cogen provides the major vehicle for storage of flight energy. The possibility 
has recently arisen that, in addition to glycogen, the non-reducing disaccha- 
ride trehalose may be an important energy reserve for flight. This suggestion 
follows from the observations of Wyatt & Kalf (59) and very recently of 
Duchateau & Florkin (60) that this disaccharide occurs in very high concen- 
trations in the blood of a large variety of insects, where it comprises 80 to 90 
per cent of the total blood sugar. Candy & Kilby (61) have demonstrated 
the presence of an enzyme system in the fat body of Locusta migratoria which 
converts glucose to trehalose. An older report (62) suggested that insects 
contained an enzyme which hydrolyzed trehalose much more rapidly than 
sucrose or maltose. Support for its role as an energy reserve has come from 
the observations that the concentration of this sugar falls sharply during 
flight in the locust (63) and the blowfly (64). 

In contrast to those insects utilizing carbohydrate others, chiefly Orthop- 
tera, are capable of burning fat for flight energy. This was first demonstrated 
by Krogh & Weis-Fogh (65) who noted that the R.Q. of the desert locust 
Schistocerca gregaria during flight was 0.75. Later in an exhaustive study of 
this insect Weis-Fogh (66) established that fat indeed was the principal 
source of energy during flight. Glycogen contributed insignificantly, the 
stores of this polysaccharide being exhausted after the first hour. Duration 
of flight, which could continue for several hours, was proportional to fat 
stores. The monarch butterfly Danaus plexippus plexippus which engages in 
continental migration (67, 68) similarly appears to utilize fats as fuel (69). 
Not unlike birds (161 to 165) this insect lays down large fat depots (125 per 
cent of the lean weight) in premigratory periods and no glycogen reserves are 
stored. Zebe (70) concluded on the basis of R.Q. values that a large number of 
lepidopteran species utilize fat during rest and during flight, even though 
they feed on nectar. Lipids have also been implicated as the main source of 
energy during embryogenesis in the Japanese beetle Popillia japonica (71) 
and the oak silkworm Anthereae perynyi (72). 


CONVERSIONS OF STORES TO ENERGY 


The study of intermediary metabolism of insect flight muscle has shed 
much light on the biochemical energetics of these unusual tissues. 

Glycolysis and the pentose phosphate pathway.—Much of the information 
establishing the presence of these pathways in insects has been reviewed by 
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Rockstein (52). Suffice it, then, to say here that a phosphorylative glycolytic 
pathway similar to that in vertebrate tissue has been found in the housefly 
Musca domestica (58, 73), the cockroach Periplaneta americana (74), the pea 
aphid Macrosiphum pisi (75), and the silkworm Bombyx mort (76). The 
pentose phosphate pathway has been clearly established in housefly tissues 
(77 to 79), and a similar pathway exists in the pea aphid (75) and the silk- 
worm (76). Silva and associates (80) have determined that in intact cock- 
roaches, glucose is catabolized only to the extent of 4 to 9 per cent by the 
pentose phosphate pathway, the bulk being degraded by glycolytic mech- 
anisms. 

Oxidative metabolism.—That insects are capable of a level of respiratory 
metabolism no less phenomenal than their mechanical abilities is very well 
documented. Maximum figures for oxygen consumption during flight range 
from 20 ml. per gm. per hr. in Drosophila to 210 ml. per gm. per hr. in 
Tabanus affinis [(48), Chap. 16, and (56), Tables XI and XIIA; also (53, 
54, 65, 66, 70)]. These values vary from 10 to 400 times those of the resting 
level (56) and are among the highest respiratory rates found in nature, being 
approached only by that found in birds (166). Associated with this intense 
respiratory potential one would expect to find adequate concentrations of 
enzymes, coenzymes, and carriers for oxidative processes. Such is indeed the 
case. Numerous studies have appeared dealing with the existence of a verte- 
brate-like oxidative pathway for Krebs cycle intermediates via the cyto- 
chrome system to molecular oxygen with coupled phosphorylations and the 
entrapment of energy as ATP. Such studies were considerably advanced by 
the important work of Watanabe & Williams (81) who established that the 
large, spherical interfibrillar cytoplasmic bodies termed ‘“‘sarcosomes”’ oc- 
curring in enormous numbers (1108 per mg.) in flight muscles of Diptera 
and Hymenoptera were the same as mitochondria of vertebrate tissues. High 
activities of cytochromes-a, -b and -c, cytochrome oxidase succinoxidase, 
a-glycerophosphate dehydrogenase, malic and pyruvic dehydrogenases were 
present but not lactic and alcohol dehydrogenases. Additional studies (82, 
83) revealed further properties of these unique structures, including the rela- 
tions between wing beat frequency, respiration during flight and sarcosomal 
cytochrome-c in Drosophila. It was found that the cytochrome-c turnover 
number was over 5000, once for every two wing beat cycles! Subsequent 
studies dealt further with the cytochrome system in mitochondria of the 
housefly Musca domestica (84, 85), and the existence of the citric acid cycle 
was established in sarcosomes of Locusta migratoria (86), Aedes aegypti (87), 
the honey bee Apis mellifera (88), the adult black blowfly Phormia regina 
(89), and the desert locust Schistocerca gregaria (90). The succinoxidase sys- 
tem has been studied in the woodroach Leucophaea moderae (91) and suc- 
cinic dehydrogenase in mitochondria from Periplaneta americana (92, 93). 
Very recently, using low-temperature spectral techniques, Estabrook & 
Sacktor (94) and Chance & Sacktor (95) have revealed that the cytochrome 
system from housefly flight muscle sarcosomes does not possess an enzymati- 
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cally reducible cytochrome-c;, as characterized in mammalian mitochondria 
by an absorption band at 554 mu. The appearance of an absorption band 
at 551 my distinct from cytochrome-c is also present. 

That phosphorylation of ADP occurred during oxidation of a-keto- 
glutarate was demonstrated by Lewis & Slater (96, 97) in sarcosomes of the 
blowfly and by Sacktor (98, 99) in the housefly. Oxidative phosphorylation 
has also been studied in sarcosomes of the migratory locust (86), the honey 
bee (100), and the wax moth Galleria mellonella (101). Studies of the distri- 
bution of phosphorous compounds in several insects have given further indi- 
cation that oxidative phosphorylation is essentially the same as that in 
mammalian tissues. The major fractions separated by combined isotopic- 
chromatographic techniques in the housefly (102) are ATP, ADP, AMP, 
glucose-6-phosphate, arginine phosphate, and phosphoglycerate. These tech- 
niques yielded similar results in thoracic extracts of the blowfly Calliphora 
erythrocephala (103, 104). Furthermore, numerous studies (105 to 107) re- 
garding the hydrolysis of ATP leave little doubt that this compound serves 
to provide the ultimate energy for the contractile process of insect flight 
muscle. Indications that arginine phosphate may serve as a store of ‘labile’ 
phosphate groups in insects are suggested by such studies of those as Petters- 
son (108) who showed a reciprocal concentration of phosphagen with that of 
ATP and muscle development in the metamorphosing pupa of Calliphora 
erythrocephala. Furthermore, it has been demonstrated that arginine phos- 
phate levels decrease during flight in houseflies (102). Free arginine is pres- 
ent in insects at all stages of development (109); and presumably if arginine 
phosphokinase is present, as it is in a wide variety of other invertebrates 
(133), arginine phosphate could play a role in the contractile process and 
other energy-requiring activities of insects. Sacktor (98), however, could 
not demonstrate the phosphorylation of arginine by ATP in housefly flight 
muscle, and the precise role of this phosphagen in insect flight energetics 
must await further study. 

The role of a-glycerophosphate in insect flight metabolism.—Although the 
reactions of the Embden-Meyerhof scheme were well established in insect 
tissues by the studies previously mentioned, certain problems arose concern- 
ing the end products of glycolysis. Because of a lack of stoichiometry be- 
tween CO, evolution and lactic acid production during anaerobiosis in cock- 
roach muscle, Barron & Tahmisian (74) postulated that end products other 
than lactate were formed. Chefurka (73) observed a similar lack of stoichi- 
ometry. This was in accord with a much earlier report (110) that the amount 
of lactate formed by Tenebrio larvae was not adequate to account for the 
glycogen used during oxygen deficiency. An explanation of this apparent de- 
viation from vertebrate glycolysis was provided by Zebe & McShan (111) 
by the demonstration that the flight muscles of a wide variety of insects con- 
tained negligible amounts of lactic dehydrogenase activity (all values less 
than one-tenth that of rat leg muscle). Surprisingly, these tissues instead 
showed extraordinarily high a-glycerophosphate dehydrogenase activity 
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(values ranging from 6 to 30 times those of rat leg muscle). An identical 
situation exists in the thoracic muscles in the American cockroach (112) and 
in the moth Hyalophora cecropia (113). Under anaerobic conditions (112) 
hexosediphosphate was converted to equimolar amounts of a-glycerophos- 
phate and pyruvate in roach muscle homogenates. Almost no lactate was 
produced. It was obvious from these studies that lactic dehydrogenase is of 
negligible importance in insects and that the predominant products of gly- 
colysis are a-glycerophosphate and pyruvate. Accumulation of the former 
compound in insect muscles was further substantiated by Kubista (114) and 
Winteringham (115) who have identified it as a major nonhydrolyzable 
phosphate in the muscle of the cockroach and the housefly. 

More recently it has been revealed that a-glycerophosphate is metab- 
olized by two types of dehydrogenases, one a soluble DPN-linked enzyme 
(116) and the other a structurally bound dehydrogenase (95, 117) not re- 
quiring nucleotide but reacting via the cytochrome system to oxygen, par- 
alleling the situation in vertebrate muscle. 

When measurements of oxygen consumption were made over very short 
time intervals using the vibrating platinum electrode, Chance & Sacktor (95) 
found that isolated insect sarcosomes oxidize a-glycerophosphate at extra- 
ordinarily high rates, 10 to 100 times greater than citric acid cycle intermedi- 
ates. Moreover this oxidation is coupled to the synthesis of high-energy 
phosphate (117). The product, dihydroxyacetone phosphate, has been shown 
to accumulate in sarcosomal preparations (118) because of the absence of 
glycolytic enzymes. Because of this intense oxidation, Chance & Sacktor (95) 
have proposed that this compound is the principal substrate for the activa- 
tion of the respiratory chain in flight and have suggested that the oxidation 
of Krebs cycle intermediates is not of primary importance as a source of en- 
ergy for flight metabolism. Estabrook & Sacktor (119), in an important 
paper, have described a cyclical mechanism whereby reducing equivalents of 
DPNH, originating in the soluble portion of the cell, are made available for 
respiratory chain oxidation via a-glycerophosphate. In the soluble portion of 
the cell, a-glycerophosphate formation from dihydroxyacetone phosphate 
(which requires DPNH) was shown to be a favored reaction, in part because 
the DPNH formed by the glyceraldehyde-3-phosphate dehydrogenase sys- 
tem is not utilized for conversion of pyruvate to lactate (because of extremely 
low lactic dehydrogenase levels). The resulting a-glycerophosphate, by per- 
meating the mitochondria, is then oxidized back to dihydroxyacetone phos- 
phate by the highly active structurally bound dehydrogenase linked directly 
to the cytochromes. Presumably dihydroxyacetone phosphate would then 
diffuse out of the mitochondria and become available again for reduction by 
the soluble DPNH-requiring enzyme. The cyclical nature of this system sug- 
gested a mechanism whereby reducing equivalents of DPNH from the soluble 
portion of the cell could be transferred to a-glycerophosphate which, by 
then entering the mitochondria, could become available for respiratory chain 
oxidation. In contrast to these results, Gregg et al. have suggested in prelim- 
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inary communications (120, 121) that pyruvate may play a much greater 
role as a source of energy in insects than has been indicated by Sacktor’s 
group. These authors have been able to isolate mitochondrial preparations 
from houseflies which have a substantially higher Qo2 for a-glycerophosphate 
than the preparations of Sacktor exhibited manometrically (117) and, more 
important, they oxidized pyruvate at an even greater rate than a-glycero- 
phosphate. Furthermore, the P/O ratios established for pyruvate were near 
the theoretical value for the citric acid cycle. The results suggest that pyru- 
vate is oxidized completely to COz and H,O via the citric acid cycle and that 
this oxidation may play an important role as a source of flight energy. 
Clearly, much work still remains to be done in order to obtain a full under- 
standing of the oxidative mechanisms by which energy is delivered for the 
contractile process during flight in insects. 

Fat metabolism.—Information concerning the mechanisms whereby lipids 
can be converted to energy at rates adequate to support flight in insects is 
still rather limited. Weis-Fogh (66) showed that the average flight per- 
formance in the locust required much more energy than was contained in 
the wing muscles and that flight depended on the large scale mobilization of 
fuel from the fat body. Sacktor (58) suggested that fats may be converted to 
acetate in the fat body which would then be transported to the tissue and 
oxidized via the TCA cycle. This suggestion has received some support from 
the observation (74) that in the muscle of Periplaneta, butyrate was not 
oxidized but acetate was rapidly consumed. Furthermore, the presence of 
the acetate activating enzyme has been indicated in honey bee flight muscle 
mitochondria (88). No studies have been performed concerning the actual 
enzymes involved in fatty acid oxidation in insects. An examination of this 
problem by methods similar to those used for mammalian tissues (122 to 
125) would seem to have interesting possibilities. 

George, Vallyathan & Scaria (126) have studied the lipase activity of 
various insect muscles and have attempted to correlate lipase activity with 
the extent of fat utilization. The results are rather surprising in that bumble 
bee extracts had lipase activity equal to that of the desert locust, a fat- 
metabolizing insect, and the dragon fly had lipase activities six times that 
of locusts, which indicates that this insect might also utilize fats for energy 
during flight. Zebe & McShan (127) have very recently described an enzyme 
system in the fat body of the moth Prodenia eridania which is capable of 
incorporating labeled acetate into long chain fatty acids, chiefly palmitic. 
The cofactor requirement of the system indicated it was very similar to those 
fatty acid synthesizing systems previously described for such tissues as rab- 
bit and rat mammary gland and pigeon liver (128 to 131). 


OTHER INVERTEBRATES 


Only scattered reports concerning the utilization of carbohydrate and fat 
reserves in invertebrates other than helminths and insects have appeared 
during the past five years. The authors have elected, therefore, to include 
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only a brief account of those materials constituting the more ‘immediate’ 
source of energy for muscular contraction, specifically, the phosphagens. 
Invertebrate phosphagens have created continuing interest since Wiersma 
briefly reviewed the subject in the Annual Review of Physiology in 1952 (132). 
The distribution of these high-energy guanidine compounds throughout in- 
vertebrate phyla has been recently reviewed by Ennor & Morrison (133) so 
that only a few brief comments need be made here. 

Until fairly recent times it was generally assumed that creatine phos- 
phate, characteristic of vertebrate muscle, is always replaced by arginine 
phosphate in the muscle of invertebrates. The first indication that creatine 
phosphate may be present in invertebrates came from the work of Baldwin 
& Yudkin (134), and later studies confirmed the presence of this phosphagen 
in a variety of annelids (135 to 138) and echinoderms (135, 137, 138) but 
apparently not in sea urchin eggs (139, 140). It has also been found in 
sponges (141, 142) and tunicates (143). 

Several new phosphagens have been discovered in annelids. Thoai e¢ al. 
(144) have identified phosphotaurocyamine in Arenicola marina and 
Sabellaria alveolata and phosphoglycocyamine in Nereis diversicolor and sev- 
eral other polychaetes. These workers in addition have isolated another 
phosphagen, phospholombricine (guanidoethylseryl phosphate), from the 
muscle of the earthworm Lumbricus terrestris (136, 145, 146). The presence 
of yet another monosubstituted guanidine, hirudonine, from the muscle of 
the leech Hirudo medicinalis (147, 148) suggests that it may play the part 
of a phosphate acceptor in this organism. 

The significance of invertebrate phosphagens as sources of phosphate 
bond energy for the adenylic acid system has been established by the 
identification of appropriate transphosphorylating enzyme systems in these 
organisms. Yudkin (149) has demonstrated the occurrence of creatine phos- 
phokinase and arginine phosphokinase in extracts of several echinoderms. 
Asteroids and holothuroids phosphorylated only arginine, echinoids phos- 
phorylated both arginine and creatine, and ophiuroids phosphorylated only 
creatine. Morrison et al. (150) have obtained highly purified arginine phos- 
phokinase from the tail muscle of the sea crayfish Jasus verreauxt. In addi- 
tion, annelid worms have been shown to contain phosphokinases capable of 
phosphorylating taurocyamine, glycocyamine, and creatine at the expense of 
ATP (151, 152). More recently Thoai et al. (153 to 155) have provided a de- 
tailed description of these systems in annelids. Arenicola marina was shown 
to contain an enzyme capable of catalyzing the reversible transfer of phos- 
phate between ATP and taurocyamine. Nereis diversicolor contained a sim- 
ilar enzyme capable of effecting a reversible transfer between ATP and glyco- 
cyamine. Each enzyme was completely specific for the corresponding 
guanidine base, and both resembled the creatine phosphokinase described 
by Kuby et al. (156, 157), obtained from rabbit skeletal muscle. The signifi- 
cance of invertebrate phosphagens as reservoirs of phosphate bond energy 
for muscular contraction has been authoritatively discussed by Ennor & 
Morrison (133). 
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BIRDS 


Studies regarding the fuel reserves and energy metabolism of birds have 
been prompted by the fact that these organisms are capable of vigorous and 
sustained muscular activity during flight. From a metabolic standpoint, 
the migration of birds, especially overseas migration which may involve 
continuous flight of several hundred miles, for example over the Mediter- 
ranean, the Caribbean, the Gulf of Mexico, and even the Atlantic, raises 
especially interesting questions. It is an observation of long standing that 
fat deposition in birds is directly related to their migration behaviour, both 
as a fuel and as a possible stimulus for migration. These problems have been 
reviewed from time to time (158 to 160). 

From a number of more recent studies (161 to 165) it is obvious that sea- 
sonal changes occur in the fat content of birds and that premigratory pe- 
riods are especially marked by heavy fat deposition. For example, Odum & 
Perkinson (162) have shown that the seasonal fat content of the migratory 
white-throated sparrow in per cent of body weight was: postmigration (Oct.- 
Nov.), 6.88; midwinter (Jan.-Feb.), 12.05; molt (Mar.-April), 6.75; and 
premigration (April-May), 16.7. ‘Migratory’ fat differed from winter fat in 
being more concentrated in the abdominal region. Similarly, several species 
of overseas migrants (164) (warblers, vireos, and tanagers) were found to 
have a fat content of 29.8 per cent during migration whereas during the 
summer non-migratory period they contained only 13.4 per cent. 

The respiratory metabolism of humming birds during flight has been 
studied by Pearson (166), and oxygen consumption values of 85 ml./gm./hr. 
were found. This intense respiratory activity is comparable to that of insects 
during flight (48, 56). From these studies Pearson suggested that the ruby- 
throated humming bird could not migrate non-stop across the Gulf of 
Mexico, a distance of 500 miles. Knowing the rate of metabolism and assum- 
ing that 1 gm. of fat would be available as fuel, he calculated that a bird 
weighing 3.0 gm. and flying with an air speed of 50 miles per hr. was capable 
of only 385 miles of continuous flight. In a later study Odum & Connell (164) 
showed that humming birds approaching the Gulf of Mexico on the migra- 
tory journey actually had an average fat content of 2.1 gm. (43 per cent of 
body weight) because of heavy deposition of this fuel prior to migration. 
Summer individuals, in contrast, contained an average of only 0.4 gm. of fat. 
Using Pearson’s metabolic figures (166) 2.1 gm. of fat would allow a flight of 
800 miles, more than enough to span the Gulf. 

Although the above studies served to point out the central role of fat asa 
fuel reserve in birds, the mechanisms by which it is converted to energy 
have remained obscure. Much new light is now being shed on this funda- 
mental problem by the important work of George and associates. These in- 
vestigators (167 to 171) have demonstrated a reduction in free lipid content 
in the breast muscle of birds during prolonged flight or during continued 
stimulation of the muscle. When the pectoralis muscle of the pigeon was 
stimulated electrically, 71 per cent of the total energy expended was derived 
from fat. Similarly, when the pigeon was subjected to continuous flight to 
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exhaustion, 77 per cent of the total energy expenditure could be accounted 
for from fat. In addition, avian flight muscle was shown to have a high level 
of lipase activity and a well developed fatty acid oxidase system (172). 
George & Jyoti (169) have shown that the pectoralis muscle of the pigeon 
consists of two types of fibers, a broad variety well striated with clear sarco- 
plasm, and a narrow red type with dense lipid inclusions and striations 
scarcely visible. Using microphotographic and histochemical techniques, 
George & Naik (173, 174) have provided a comprehensive picture of the 
fiber distribution pattern and the nature of the fuel stores contained in each 
type. The narrow fibers were present in a ratio of 16:1 over the broad white 
type and were found to contain high concentrations of fat. The broad fibers, 
on the other hand, were glycogen loaded with no fat deposits. The authors 
suggested that the fat-loaded narrow fibers which predominate (more than 
four-fifths the volume of the muscle) are adapted for sustained flight and 
the few broad glycogen loaded ones for quick and sudden action. Further 
investigations employing histochemical techniques (175) disclosed that the 
mitochondria were located mainly in the narrow fibers, being extremely 
sparse in the broad ones. Lipase activity was also located exclusively in the 
narrow fibers (176) as determined histochemically. 

It is evident that the narrow fibers with a high mitochondrial content, 
together with large stores of fat, high lipase activity, the presence of myo- 
globin, and a greater surface area, seem well equipped for organized oxida- 
tive mechanisms and undoubtedly play a major role in effecting the sus- 
tained contraction in muscle. On the other hand, the broad fibers with a poor 
mitochondrial combination associated with a high glycogen load and a lack 
of myoglobin seem adapted for functioning anaerobically. A study of the 
oxidation of the triglycerides of butyric and oleic acids by pigeon breast 
muscle has shown that triolein is oxidized at a very rapid rate (177). From 
the findings made it was suggested that in muscles which utilize fat as the 
chief fuel for energy, fatty acids are oxidized in preference to glycogen, and 
glycolysis is resorted to only when oxygen is deficient. Certainly this ap- 
proach has done much to expand our knowledge concerning the conversion 
of fats to energy at rates adequate to support intense muscular activity, and 
a similar study of insect flight muscle, especially those capable of utilizing 
fats, should be equally fruitful. 


FISH 


Interest in the nature of the energy reserves of Salmonidae has been 
stimulated by the fact that during spawning migration the fish do not feed 
for several weeks or even months. During this time of great activity, energy 
reserves must be mobilized and utilized for the journey from the sea to the 
spawning grounds (often several hundred miles) and for various other ac- 
tivities, particularly development of the gonads. The changes in fat, carbo- 
hydrate, and protein that occur during this unusual activity have been in- 
vestigated sporadically since 1880 and the subject has recently been re- 
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viewed briefly by Black (178) and by Idler & Tsuyuki (179). The first author- 
itative indication of the magnitude of the energy changes involved in the 
spawning process came from Pentegov et al. (180) many years ago. In a care- 
fully conducted study based on the data obtained from the weight and tissue 
analyses of chum salmon Oncorhynchus keta caught at several points along 
the migration route up the Amur river, these authors were able to determine 
that the fish had expended 78 per cent of their total energy reserves. The loss 
of fat in females was 98.7 per cent and in males 97.3 per cent; the loss of pro- 
tein was 57.7 per cent in females and 57.3 per cent in males. Fontaine & 
Hatey (181) studied the distribution of glycogen in migrating Salmo salar. 
Except for the liver, glycogen reserves were low and could not account for 
the enormous energy expenditure involved. Much more recently, Idler and 
associates (179, 182, 183) have reported an exhaustive study concerning the 
physiological and biochemical changes occurring during spawning migration 
in sockeye salmon Oncorhynchus nerka. The success of this fundamental and 
timely undertaking is based on careful sampling of a pure race of Fraser 
River sockeye salmon before the fish entered the river (Lummi Island, Wash., 
U.S.A.), again at an intermediate point 403 km. up the river, and finally at 
the end of an 1135 km. migration run (Forfar Creek, B.C.). Changes in fat, 
protein, body water, free and total cholesterol content of the flesh (viscera, 
head, tail, bones, and skin removed) were measured as well as those of the 
‘trimmings’ (head, tail, skin, and bones). Over the entire journey, flesh fat 
in the male and female decreased 70 and 82 per cent respectively; flesh pro- 
tein decreased 38 per cent in the male and 44 per cent in the female (182). 
Fat content of the ‘trimmings’ decreased 72 and 79 per cent in the male and 
female respectively while protein actually increased slightly (183). Because 
the ‘trimmings’ contained a higher total fat content than the flesh before 
migration, it is apparent (and surprisingly so) that the head, tail, skin, and 
bones contributed more energy as fat than the flesh and did so while increas- 
ing in protein. Extending the study to other migration runs, Idler & Clemens 
(184) have shown that the female salmon of the Stuart Lake, British Colum- 
bia, run consumed 96 per cent of its fat reserves while the male consumed 91 
per cent. The energy expenditure in kcal./kg./km. was determined to be 1.01 
and 1.16 in the male and female respectively. It is clear from these studies 
that fat and protein constitute the bulk of the fuel reserves for such activities 
as migration and spawning. That redistribution, interconversion, and utiliza- 
tion of these reserves are effected at rates adequate to meet the energy de- 
mands of the organism is obvious. 

Another problem, probably relating to the utilization of fuel reserves in 
fish, has attracted attention, namely, that fish frequently succumb to severe 
muscular exercise. This problem has prompted a study of the utilization of 
the more ‘labile’ stores such as glycogen and other carbohydrates in condi- 
tions of stress [Black (178, 185)]. The glycogen content of fish muscle is gen- 
erally low, never exceeding 850 mg. per cent of the fresh weight of the muscle 
(178, 181, 186). Miller and associates (187) have recently demonstrated that 
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glycogen is rapidly depleted in fish muscle during short intervals (15 min.) 
of severe muscular exercise. Similarly, Black found that muscle glycogen in 
the rainbow trout (188) and in the Kamloops trout (189) is reduced by as 
much as 80 per cent during 15 min. of vigorous exercise. Liver glycogen levels 
were not significantly lowered and blood glucose levels remained unchanged, 
a situation similar to that previously reported (190, 191). This astonishingly 
rapid depletion of glycogen is quite consistent with the well documented fact 
that blood and muscle lactate in these fish rises sharply following vigorous 
activity (178, 185, 187, 192). A time course study of lactic acid levels in 
Kamloops trout (191), lake trout (190), and sockeye salmon (193) revealed 
that in all three salmonoid fishes blood lactate levels increased as much as six- 
fold during 15 min. exercise and showed, furthermore, that these levels con- 
tinued to rise for a further 2-hr. period after exercise reaching levels of 170 
mg. per cent in the blood approximately 10 times that of resting levels. This 
was followed by a very slow decline, blood lactate levels not returning to 
normal for 10 to 15 hr. Muscle lactate also rises sharply to reach values of 300 
mg. per cent of the fresh weight, but begins to decline immediately after 
exercise (194) while blood lactate is still rising. This seems to indicate a slow 
transfer of lactate from the tissues to the blood stream, but its actual fate 
thereafter is not understood. 

The explanation of these observations and an understanding of why fish 
frequently succumb to severe exercise have been hampered by the fact that 
knowledge concerning the intermediary metabolism of fish is extremely frag- 
mentary (195). The depletion of glycogen accompanied by lactate produc- 
tion suggests a glycolytic pathway not unlike that in mammals. This is also 
anticipated from several studies (196, 197) concerning fish muscle phos- 
phorylase. It also indicates that energy-supplying-mechanisms during severe 
exercise are primarily anaerobic, supporting the conclusions of Giaja et al. 
(198). The unusually prolonged sojourn of lactate in the blood and tissues 
could be attributable to a number of factors among which slow diffusion from 
the tissues or slow rates of conversion to glucose or glycogen may be con- 
sidered. In addition there is an indication (191) that the rate of circulation 
may be seriously reduced by the effect of acid on the heart. Slow removal of 
lactate may also be a reflection of impaired oxidation caused either by 
defective oxygen transport by the blood or by low activity of aerobic mech- 
anisms in the tissues. Regarding the latter, our knowledge concerning the 
citric acid cycle and electron transport mechanisms in fish (186, 195) is too 
meager for speculation. 

Depletion of high-energy phosphate reserves has also been considered as 
a probable reason for death in fish following exercise (185). Felton (199) has 
found significant increases in creatine content in muscle of the steel-head 
trout following exercise (values rose from 444.6 to 597.1 mg. per cent of the 
fresh weight). Jones & Murray (200) have shown that ATP levels are rapidly 
depleted in the muscle of codling driven to exhaustion. Normal values of 
5.34 umoles per gm. fell to 0.26 in exhausted fish, representing a decrease in 
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ATP concentration of over 80 per cent. For want of a better explanation we 
may say that death because of exhaustion may be a combination of adverse 
factors the nature of which will not be settled until more is learned about the 
physiology and intermediary metabolism of fish. One significant fact these 
studies have indicated is that, although fat and protein can be mobilized 
under normal circumstances, glycogen is probably the immediate source of 
energy for vigorous exercise in fish, such as that involved in navigating rapids 
and escaping enemies. In this respect they are not unlike other vertebrates. 


GLYCOGEN UTILIZATION IN VERTEBRATES 


That glycogen is a primary fuel in most vertebrates needs no documenta- 
tion. The pathway of anaerobic glycolysis has attracted considerable atten- 
tion because of its intimate relationship to the process of muscular contrac- 
tion. No attempt will be made here to examine this complex series of events; 
only some studies regarding factors which affect the rate of glycogen break- 
down in skeletal muscle and liver will be discussed. 

The remarkably rapid rate at which glycogen is consumed during muscu- 
lar work was shown by Cori (201). The rate of glycogen disappearance dur- 
ing electrical stimulation of rat and frog gastrocnemius muscle increased 
several-hundred-fold, and tetanic contractions in frog muscle actually re- 
sulted in an 1800-fold increase in rate. Another remarkable aspect of this 
intense activity was that the rates returned to the resting level immediately 
after removal of the stimulus. It is usually assumed that the rate of gly- 
colysis, or of any complex chain of reactions, is determined by the rate of 
the slowest reaction in the sequence. Ina recent study, Neifakh & Mel’nikova 
(202) have suggested that phosphofructokinase represents the rate-limiting 
step in glycolysis. This suggestion is based on the observation that of several 
purified enzymes added to a complete glycolysis system of rabbit skeletal 
muscle, only phosphofructokinase increased the rate of lactate production. 
Hexosemonophosphate, as well as lactate, increases during muscular con- 
traction (201) suggesting that phosphofructokinase may be involved in de- 
termining the over-all rate. 

Cori (201) attempted to correlate the rate of glycogen breakdown with 
the activation of phosphorylase. This enzyme is known to exist in muscle in 
two forms, one designated phosphorylase-a and the other phosphorylase-b. 
Phosphorylase-b differs from that of the a form in that it has only half the 
molecular weight and is inactive in the absence of relatively high concentra- 
tions of AMP (203). It is therefore regarded as a practically inactive enzyme 
in vivo. In addition, there are two enzymes in muscle which probably deter- 
mine the level of phosphorylase activity under various circumstances. The 
first of these, the PR enzyme, converts the active enzyme to the inactive 
form (203, 204). Another enzyme, phosphorylase-b kinase (205 to 207) 
catalyzes the reverse reaction, i.e., the conversion of phosphorylase-b to -a. 

The active form of phosphorylase increased during contraction in both 
frog and rat gastrocnemius (201) and decreased again during rest. The in- 
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crease, however, was not nearly of the magnitude required to account for 
the tremendous increase in the rate of glycogen breakdown. This was caused, 
in part, by the relatively high concentrations of active enzyme already pres- 
ent in resting muscle as determined by analysis of muscle homogenates. Be- 
cause of inherent complexities in the system it was not possible to conclude 
whether determination of phosphorylase activities in broken cell prepara- 
tions represented a precise picture of the level of enzyme activity in intact 
resting muscle. It is interesting that fatigued muscle contained predom- 
inantly phosphorylase-b (201, 208). Epinephrine, which stimulates glyco- 
genolysis, increased the leveis of phosphorylase-a. At the moment it appears 
that unless the level of active phosphorylase is much lower in resting muscle 
than that determined by the homogenate technique, the conversion of inac- 
tive to active phosphorylase during work cannot account entirely for the 
high rate of glycogen breakdown. 

Since phosphorylase appears to play a vital role in the chemical reactions 
taking place during contraction of skeletal muscle, its function in a continu- 
ally working muscle like the heart raises interesting problems. That there are 
enzymes in the heart which are similar to phosphorylase-a and -b in skeletal 
muscle has been demonstrated by Rall, Wosilait & Sutherland (209); and 
Cori (201) indicated that the heart contains high levels of phosphorylase-a. 
Haugaard and coworkers (210 to 212) have found that epinephrine in con- 
centrations that stimulate the mechanical activity of the rat heart also 
markedly increases the phosphorylase activity, indicating a conversion of 
-b to -a. 

The phosphorylase system in liver has been exhaustively studied by 
Sutherland and his colleagues (213) who have shown that phosphorylase 
activity in this tissue is the resultant of two opposing enzymes, one which 
inactivates phosphorylase by removing a phosphate group (phosphorylase 
phosphatase) (214) and a second which catalyzes the reverse reaction by 
rephosphorylating the inactive enzyme (dephosphophosphorylase kinase) 
(215). Epinephrine (and glucagon) displace this balance in favour of the ac- 
tive enzyme in dog liver slices (215, 216) and in cell-free homogenates (217). 
This increased formation of phosphorylase activity by epinephrine was 
shown to be mediated by a heat stable factor (217) which was isolated, char- 
acterized (218), and shown to be adenosine-3’,5’-phosphoric acid (cyclic 
3,5-AMP). 

The presence of this unusual nucleotide is not confined to liver, having 
been identified in particulate preparations of dog heart, skeletal muscle, and 
brain (219, 220). An indication of its possible role in the skeletal muscle phos- 
phorylase system has come from the observation of Krebs et al. (221) that 
cyclic 3,5-AMP activates the inactive or inhibited phosphorylase-b kinase 
enzyme. 

It is too early yet to know the exact role played by the phosphorylase 
system, or factors affecting this system, in controlling glycogen degradation 
and supplying energy for the contractile process. It seems that studies sim- 
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ilar to those described above would be equally rewarding in other forms such 
as certain insects and fish which are capable of burning glycogen at a very 
high rate. In this respect, the observation of Mansour (222) is of interest, 
that an increase in phosphorylase activity in the liver fluke Fasciola hepatica 
(an organism which metabolizes carbohydrate very rapidly) was produced 
by serotonin. Furthermore, serotonin, but not epinephrine, was shown to 
stimulate the formation of cyclic 3,5-AMP in particulate fractions of this 
organism. Since serotonin is known to be present in the liver fluke (223), 
Mansour has suggested that it may play the same role in the carbohydrate 
metabolism of this invertebrate that epinephrine plays in higher organisms. 
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COMPARATIVE PHYSIOLOGY: BLOOD PIGMENTS!’ 


By CLYDE MANWELL 
Department of Physiology, University of Illinois, Urbana, Illinois 


This review will pursue the two objectives of comparative physiology as 
stated by Pringle (4): (a) “to describe in an analytical manner the normal 
working of the variety of animal species, and so to supply evidence . . . which 
may help to suggest evolutionary trends” and (6) “‘[to] attempt, by making 
use of the variety of physiological processes found in the animal kingdom, to 
discover fundamental physicochemical mechanisms at work in living mat- 
ter....’’ As will become evident in this review, the study of the chemistry 
and physiology of various animal blood pigments has much to offer in pro- 
viding a better understanding of the properties and functions of human 
hemoglobin in health and disease. It is well to add that one of the recent 
major contributions to biochemistry, the visualization of the entire tertiary 
structure of a globular protein, was accomplished by Kendrew and associates 
(5) using myoglobin from the sperm whale. 

Comparative aspects of the physiology of the blood pigments have been 
presented, along with a tabulation of much useful data, in Prosser’s review 
(1). This is supplemented by the more biochemical treatment of the subject 
by Haurowitz & Hardin (6). Other recent, somewhat more restricted reviews 
are those of Eliassen (7), Fox (8), Lemberg & Legge (2), and Manwell (9). 
Reviews concerned only with particular blood pigments or some topic of 
the chemistry or physiology of hemoglobin will be cited in the appropriate 
sections. 


DISTRIBUTION 


Hemocyanin.—This copper-containing pigment appears to be restricted 
to some mollusc and arthropod groups; it is found only in solution in the 
hemolymph (10, 11). It is found in thechitons (12, 13), cephalopods, and proso- 
branchand pulmonate gastropods, but notinlamellibranchs. Inthe Arthropoda 
hemocyanin is the sole respiratory pigment of the Malacostraca; it also oc- 
cursin Limulus and Euscorpius in the Arachnomorpha (10). Woods et al. (15) 
confirmed the absence of hemocyanin in a lamellibranch (Ostrea) and found 


1 The literature pertaining to this review covers the approximately ten-year period 
from Prosser’s review (1) in Comparative Animal Physiology and Lemberg & Legge’s 
(2) monograph on heme compounds to March, 1959. On occasion a more recent review 
is used as a starting point. I should like to express my gratitude to the many workers 
in this field who have answered inquiries on various aspects of the subject and have 
made available reprints of their studies. 

2 The abbreviations “Hb A”, “Hb F”, “Hb S”, etc. are used for the various normal 
and abnormal human hemoglobins as has become a standard practice in terminology 
(3). Other abbreviations are: PCMB (the sulfhydryl-blocking agent p-chloromercuri- 
benzoate) ; pO: (the partial pressure of oxygen) ;—SH (sulfhydryl groups). 
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hemocyanin in another scorpion (Hadrurus). The author has failed to find 
hemocyanin in several species of opisthobranchiate gastropods, including 
such tectibranchs as Tethys, Bulla, and Navanax, and several species of 
nudibranchs. 

Hemerythrin——This non-heme, iron-containing respiratory pigment is 
found in representatives of four different phyla, always inside cells, generally 
those circulating in the coelomic fluid. All sipunculids examined possessed 
this pigment (16). The author (unpublished) has found hemerythrin not 
only in the coelom but also in cells circulating in the separate body fluid 
space confined to the tentacular crown, so-called “‘polian vesicles’, and the 
main contractile vessel (compensation sac). In her review of the smaller 
coelomate groups, Hyman (17) mentions the occurrence of hemerythrin in 
the nerve cord of sipunculids; the author has failed to observe this in several 
species of the four genera Dendrostomum, Golfingia, Sipunculus, and Siphono- 
soma. However, a material of similar spectral properties to coelomic hemeryth- 
rin could be extracted in very small amounts from the retractor muscles 
of large specimens of Dendrostomum zostericolum; as there is no capillary 
circulation in these muscles, it is likely that this pigment represents a ‘‘myo- 
hemerythrin”. Hemerythrin also occurs in the polychaete worm Magelona 
(18), the priapulids Halicryptus and Priapulus (19), and the brachiopod 
Lingula [(20); the author has confirmed this]. Of these four hemerythrin- 
containing phyla, only the annelids and sipunculids are related (17). The 
priapulids are considered to be relatives of rotifers and nematodes, animals 
at the pseudocoelomate stage in evolution. The brachiopods are considered 
part of the tentaculate (lophophorate) complex of phyla (Brachiopoda, 
Phoronida, and Ectoprocta). At present there is no evidence to suggest the 
existence of some wide-spread iron-protein whose relation is to hemerythrin 
what that of the cytochromes and other heme-containing enzymes is be- 
lieved to be to hemoglobin. 

Chlorocruorin.—This pigment, whose prosthetic group differs only 
slightly from the heme of hemoglobin, is restricted to four families of poly- 
chaetes—Sabellidae, Serpulidae, Chlorhaemidae, and Ampharetidae (21, 
22, 23). However, the prosthetic group, chlorocruoroheme, has been found 
free in the starfishes Luidia and Astropecten (24). It has been claimed on the 
basis of color that the blood of the enigmatic, planktonic worm Poeobius 
contains chlorocruorin (25); this fact, along with morphological evidence, 
is used to justify removing Poeobius from its monotypic phylum status and 
including it in the Annelida as an aberrant polychaete. The distribution of 
respiratory pigments and metalloporphyrin enzymes being what it is, this 
line of reasoning is dubious—even if the pigment in Poeobius is a chloro- 
cruorin. The author is unaware of the occurrence of respiratory pigments in 
small marine planktonic animals except for some fish larvae; some of the 
small, often planktonic fresh-water entomostracan crustaceans have hemo- 
globin on occasion. Further study of the green-red pigment of Poeobius 
would be of considerable interest. 
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Hemoglobin.—This respiratory pigment has a very extensive phylo- 
genetic distribution, extending into the protozoa (26) and into the plant 
kingdom (27 to 31). In addition, the pigment is not restricted to blood and 
other body fluids, in which it is found in solution in some species and in eryth- 
rocytes in others. The location of hemoglobin in various tissues has been 
recently reviewed by H. M. Fox (32). To this list can be added the occurrence 
of hemoglobin in many of the tissues of the pismo clam Tivella (8). The dis- 
tribution of hemoglobin in invertebrates has been very thoroughly reviewed 
(1, 7, 33, 34); for those groups that she has covered, Hyman’s monographs 
onthe Invertebrata are very helpful [e.g. (17)]. The occurrence of hemo- 
globin in the entomostracan Crustacea has been reviewed by H. M. Fox 
(14), who has recently added the Branchiura to the ‘“‘lower’’ crustacean 
classes that contain species possessing hemoglobin (35). 

Hemoglobin is found in several parasitic worms, both nematodes and 
flatworms (36 to 41). In certain nematodes, e.g., Ascaris, there is hemoglobin 
both in the body wall and in the pseudocoelom. In the hemoglobin-containing 
flatworms the pigment is located primarily in the parenchymal tissue. Hemo- 
globin has also been found in the parasitic botfly larva (Gastrophilus), which 
is one of the very few insects possessing a respiratory pigment, and in a 
copepod parasitic in the gills of fishes (42, 43). 

Recently there have been several studies, both biochemical and descrip- 
tive, on the myoglobin of fishes (44 to 59). Braekkan (44) mentions the oc- 
currence of myoglobin in the shark Lamna cornubica; the author has ob- 
served that several of the larger, more active sharks (e.g., the hammerhead, 
Sphyrna) have high concentrations of myoglobin in muscles adjacent to the 
skin and also in those extending medially to the vertebrae. While hemoglobin 
is found in the blood and some muscles of almost all vertebrates, some fish 
larvae and postlarvae lack hemoglobin—e.g., the eel leptocephalus (60); 
sand-lance (Ammodytes) postlarvae (author, unpublished). Adults of three 
species of chaenichthyiid fishes from the antarctic regions have no blood 
pigment (61). Occasional adult specimens of the clawed toad Xenopus laevis 
have been found totally free of vascular hemoglobin (62, 63). Ewer men- 
tioned that the hemoglobinless specimen had plenty of bile pigment; hence, 
the adult may not always have been free of hemoglobin. 

In its intracellular location hemoglobin is not confined to the cytoplasm. 
A hemoglobin is found in nuclei from rabbit and rat liver; it is not soluble in 
water or various saline solutions (64, 65). These researchers have also found 
hemoglobin in the nuclei of hen erythrocytes. Previously, Carvalho (66) 
demonstrated by cytochemical methods the occurrence of hemoglobin in the 
nucleus of erythroblastic cells; it is particularly significant that he was able 
to equate the amount of hemoglobin in the nucleus with that later appearing 
in the cytoplasm. 

Other substances that combine reversibly with molecular oxygen.—Claims 
for the function of other substances as respiratory pigments, claims that 
have either been unsubstantiated or actually refuted, are reviewed by 
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Haurowitz & Hardin (6); to these conclusions should be added that Webb 
(67) was unable to confirm Henze’s suggestion that the vanadium pigment 
of certain ascidians combined reversibly with molecular oxygen. Crescitelli 
(68) described a respiratory pigment from the sea cucumber Molpadia inter- 
media with an absorption spectrum similar to, but distinct from, that of 
chlorocruorin or hemoglobin. However, Kobayashii (69) found a typical 
hemoglobin in Molpadia roretzii, as did the author (70) for Molpadia arenicola 
and the closely related Poracaudina sp. However, among polychaete worms 
of the genus Spirorbis some species have hemoglobin, others have chloro- 
cruorin, and still others lack a blood pigment; furthermore, worms of the 
genus Serpi:la have both hemoglobin and chlorocruorin together in the blood 
(21, 22). 


FUNCTIONAL STRUCTURE 


The active site—Hemoglobin and chlorocruorin have distinct but very 
similar prosthetic groups—heme and chlorocruoroheme, respectively. The 
oxygen molecule—or other ligand—combines with the atom of ferrous iron 
which is held in the center of the porphyrin ring, the one remaining co-ordi- 
nation position of the iron being combined with some group on the protein 
moiety. Although most workers believe that the heme in hemoglobin is at- 
tached to the protein by way of an imidazole group of a histidine residue, the 
evidence for this is not overwhelming (6). Haurowitz & Hardin (6) suggested 
a more acid group and it is of interest that recently O’Hagen (71) has sug- 
gested the distal carboxyl group of a residue of aspartic or glutamic acid. The 
heme is also held to the protein by non-polar bonding involving the side- 
chains of the porphyrin (72 to 74). Hemerythrin and hemocyanin have defied 
attempts to demonstrate consistently a non-amino acid complex associated 
with the metal and the protein. On the basis of evidence from the study of 
copper-serum albumin (for hemocyanin) and from the use of PCMB (for 
hemerythrin) it has been concluded that the metal is linked directly to the 
protein via the sulfur atoms of cysteine residues (75, 76). However, Holleman 
& Biserte (77) found only 2 —SH per 10iron atoms in each molecule of Sipun- 
culus hemerythrin; hence, the iron must be linked to the protein by way of 
some sites other than —SH groups. Likewise, Lontie (78) has questioned the 
binding of copper to sulfur in hemocyanin; the evidence rests primarily on 
the failure of —SH blocking agents to prevent the binding of copper to apo- 
hemocyanin. * ontie (78) suggests two imidazole residues, primarily as a re- 
sult of a comyarison of the titration curves of hemocyanin derivatives. 
Felsenfeld (74) interpreted data on strength of binding and pH effects to 
indicate either sulfhydryl or a pair of amino groups are involved in the bind- 
ing of copper. Some of these discrepancies may be the result of the different 
species used. In the hemerythrin studies Klotz & Klotz (75) used Golfingia 
gouldii (incorrectly placed in the genus Phascolosoma), whereas Holleman & 
Biserte (77) used Sipunculus nudus. In the hemocyanin studies Felsenfeld 
(79) used horse-shoe crab (Limulus) and whelk (Busycon); Klotz & Klotz 
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(75) used these species as well as lobster (Homarus) and squid (Loligo); on 
the other hand, Lontie (78) restricted his experiments to hemocyanin from 
the edible snail Helix pomatia. The possibility that addition of the metal to 
apohemocyanin results in more changes in various aspects of the secondary 
and tertiary structure of the protein than just the removal of protons from 
the particular prototropic binding sites has not been considered in Lontie’s 
(78) work. Addition of metals to iron-free conalbumin and transferrin greatly 
alters the properties of the protein (80); upon combination with the metal 
the protein becomes much more resistant to denaturation, indicating a 
strengthening of inter- and intra-chain bonding in these globular proteins. 
This effect may also be the explanation for some of the difficulty observed in 
determining the amino acid residue to which the iron of hemoglobin is bound 
to the protein moiety. Pure globin is considerably more asymmetric than 
hemoglobin (81). While part of this asymmetry is the result of splitting the 
protein moiety of hemoglobin into two parts, such an explanation does not 
account for the fact that globin is much more easily denatured than other 
hemoglobin derivatives (82). More discussion of configurational changes will 
be presented later. 

The oxygen-metal ratio—lIt is known that 1 mol. O2 combines stoichio- 
metrically with 2 Cu atoms in hemocyanin (10, 83). It was suggested by 
Rawlinson (84) that the O2 molecule was held as a bridge between the 2 Cu 
atoms; more evidence for this has come from the finding of co-operative 
interactions in the binding of Cu to apohemocyanin (79). It had been be- 
lieved on the basis of Florkin’s (16) studies that hemerythrin combined with 
O, in the proportion of 1 mol. O2 to 3 atoms of iron. However, a ratio of 2.4 
Fe atoms to 1 mol. O2 (85, 86) and a ratio of exactly 2 Fe atoms to 1 mol. O2 
(87) have also been reported. Hence, it appears that hemerythrin resembles 
hemocyanin and the cobalt-containing “‘artificial respiratory pigments” 
(88) in that the O2 molecule is held between two metal atoms, in contrast to 
the heme respiratory pigments in which it is well known that molecular O2 
combines in a 1:1 ratio with the Fe atom. 

The oxygenation reaction.—The classical magnetometric studies of Pauling 
and Coryell (89, 90) showed that upon oxygenation of hemoglobin the fer- 
rous iron is unchanged in oxidation state, although the hexaco-ordinate 
bonding of the iron changes from ionic to covalent. Somewhat similar ideas 
have resulted from the studies of electron spin resonance of various hemo- 
globin derivatives, although it appears the paramagnetic “‘reduced”’ (de- 
oxygenated) hemoglobin possesses a considerable amount of covalent bond- 
ing and the large magnetic moment is partially the result of unquenched 
orbital momenta (91, 92). Spectral studies suggest that oxygenation of hemo- 
globin actually consists of displacing a water molecule bound to the sixth 
co-ordination position of the iron by an oxygen molecule (93, 94). 

There appears to be general agreement that the copper in deoxygenated 
hemocyanin is cuprous in oxidation state (75, 78). By analogy with hemo- 
globin it was assumed that no valence change took place upon oxygenation 
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(11). However, on the basis of (a) the large change in spectral properties of 
hemocyanin upon oxygenation, (b) the absorption spectrum of oxyhemo- 
cyanin closely resembling that of artificial Cu (II)-proteins, and (c) the posi- 
tive biuret test given by oxyhemocyanin—but not ‘‘reduced”’ (deoxygenated) 
hemocyanin—upon addition of alkali, Schulman & Wald (95) postulated that 
the copper undergoes a reversible valence change upon oxygenation—from 
Cu (I) to Cu (II). Klotz & Klotz (75) applied specific chemical tests to meas- 
ure the quantity of Cu (II) split off from acidified oxyhemocyanin and of Fe 
(III) from similarly treated oxyhemerythrin. They showed that approxi- 
mately one-half of the copper in oxyhemocyanin is cupric and two-thirds of 
the iron in oxyhemerythrin is ferric—in contrast to the oxidation state of the 
metals in the ‘‘reduced”’ pigments, in which they are all Cu (I) and Fe (II), 
respectively. Hence, the Klotzes (75) pictured oxyhemocyanin as resonating 
between Cu (II) —Oz - - - Cu (I) and Cu (I) - - - O-—Cu (II), whereas in 
oxyhemerythrin the oxygen molecule acquired two electrons and was held in 
a bridge between two Fe (III) atoms, the then-believed-to-exist third iron 
atom remaining in a ferrous condition and not being involved directly in 
bonding of the oxygen molecule. Chemical tests made on oxyhemocyanin and 
oxyhemerythrin confirmed the existence of the perhydroxyl and the peroxide 
ion respectively in hemocyanin and hemerythrin (96). Klotz, Klotz & Feiss 
(85) interpreted the similarity in the absorption spectra of methemerythrin 
and oxyhemerythrin to indicate that the iron in the latter compound is ferric. 
The Klotzes (75) consider two other facts as evidence for their theory that 
oxygenation is basically different in the heme-containing as opposed to the 
non-heme respiratory pigments: (a) failure of hemerythrin and hemocyanin 
to combine with carbon monoxide in contrast to hemoglobin and chloro- 
cruorin, and (b) the trend in the heats of oxygenation of hemoglobin, hemo- 
cyanin, and hemerythrin being —8, —13, and —18 kcal./mole. 

Williams (97) has questioned both the method and the conclusion of the 
Klotzes; he indicates that there is reason to believe the oxygen molecule in 
oxyhemocyanin and oxyhemerythrin is held in ‘‘no-bond”’ coordination, the 
metals remaining in their lower valence states. ‘‘No-bond” coordination 
would arise from Stark splitting of the energy levels of iron or copper 3d 
electrons, allowing for the formation of 6 and m bonds with the ligand—the 
oxygen molecule (98); possibilities of bond formation through the promotion 
of 3d electrons into 4p levels, even in the case of Cu (I) which is 3d!%4s!, can- 
not be ignored (99). Williams accordingly points out that oxyhemerythrin 
should change from paramagnetic to diamagnetic upon oxygenation—as does 
hemoglobin and cobaltodihistidine (100). The Klotzes (101) have countered 
Williams’ questions on methods. However, the author does not understand 
why one can so easily ‘‘fix’’ a resonance state, such as that postulated by the 
Klotzes for hemocyanin in the oxygenated condition, so that one obtains by 
chemical means 50 per cent cuprous and 50 per cent cupric copper; unfor- 
tunately, the “‘control’’ experiment, the chemical tests on the metals released 
by strong acid treatment of the deoxygenated respiratory pigments, differs 
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from the studies on the oxygenated pigments in two ways: the absence of the 
oxygenated form of the respiratory pigment and the absence of oxygen gas 
dissolved in solution and capable of oxidizing the metals upon release from 
the proteins. It is particularly significant that the Klotzes (75) found only 
two-thirds of the iron in oxyhemerythrin in a ferric condition, whereas Boeri 
& Ghiretti- Magaldi’s (87) studies indicate that only two rather than three 
iron atoms are necessary for binding one oxygen molecule! 

Approximately two years previously to the argument between Williams 
and the Klotzes (97, 101), Kubo (102) showed that deoxygenation of heme- 
rythrin causes a marked reduction in the magnetic moment; it appears that 
the bonding in deoxygenated hemerythrin is largely ionic, whereas the bond- 
ing in oxyhemerythrin is covalent. Calculations under the usual assumptions 
that the active centers are equivalent and magnetically independent indicate 
no unpaired electrons—and even covalently bound Fe (III) would have at 
least one unpaired electron. Nevertheless, since the two iron atoms at the 
active site are juxtaposed, the possibility of electron pairing between the 
iron atoms, giving an essentially diamagnetic molecule in which the two 
iron atoms have odd numbers of electrons, cannot be neglected. Kubo and 
co-workers (103) have subsequently determined the magnetic susceptibilities 
of the blood hemoglobin of the lamellibranch Anadara (formerly Arca) in- 
flata, obtaining results identical to those of Pauling (90). 

This is not the only immediate difficulty that has arisen from the Klotzes’ 
(75) theory. Although Rawlinson (83) found no evidence for combination of 
Palinurus vulgaris hemocyanin with CO, Root (104) showed that Limulus 
hemocyanin combined with CO to the same capacity as it combined with Ox. 
The affinity for CO by Limulus hemocyanin is, however, only one-twentieth 
of that for oxygen; and CO-hemocyanin is colorless, in contrast to oxyhemo- 
cyanin which is blue. The trend in the values for the heats of oxygenation 
mentioned by the Klotzes (75) is not entirely evident from the literature, 
Florkin (16) and Marrian (105) having found AH? identical for hemerythrin 
and hemoglobin. However, Manwell (106) observed that AH° is —17 kcal. 
/mole for Phascolosoma agassizit hemerythrin and is —20 kcal./mole for 
Dendrostomum zostericolum hemerythrin; these figures agree well with the 
AH° = —18 kcal./mole for Golfingia gouldit hemerythrin found by Peticolas, 
Love, and Klotz [unpublished experiments cited in Klotz & Klotz (75)]. The 
much lower values observed by Florkin and Marrian may be the result of 
denaturation of the protein. Furthermore, a value of exactly —13 kcal./mole 
was observed for the heat of oxygenation of Octopus hongkongensis hemo- 
cyanin (9). However, further experiments by the author have failed to verify 
the trend in the heats of oxygenation mentioned by the Klotzes (75). Lingula 
hemerythrin has a AH® of only —12 kcal./mole, whereas AH° = —14 kcal. 
/mole for sea lion (Eumetopias) and various human hemoglobins [Manwell, 
unpublished experiments]. Similarly, Rossi-Fanelli & Antonini (107) have 
observed AH° of —13 to —14 kcal./mole for various human myoglobin prepa- 
rations. It appears that the heat of oxygenation for hemoglobins extends from 
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—8 to —14 kcal./mole and that for hemerythrins extends from —12 to —20 
kcal./mole. Values of AH®° for hemocyanins, —9 to —16 kcal./mole (108), do 
tend to fall between the extremes for hemoglobin and hemerythrin, although 
the trend is not clearly defined as one might expect from the Klotzes’ (75) 
theory. 

The author (9) has suggested that some of the discrepancies between the 
views of the Klotzes and of Williams can be resolved by postulating the fol- 
lowing resonance systems for oxyhemerythrin and oxyhemocyanin, respec- 
tively: 
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Fe (III) — O.-~ — Fe (IIT) 
Fe (IIT) — O2- - - - Fe (11) Fe (II) - - - Os- — Fe (IIT) 
Fe (II) - - - O2- + + Fe (II) 


Cu (II) —O2----Cu(I) Cu(D---O2---Cu(I) Cu(I---O2 — Cu (ID 


In addition, the species Cu (II) —O2-~—Cu (II) might theoretically exist, 
although the Klotzes (96) were able to detect to peroxide ion only in oxy- 
hemerythrin. Such resonance systems would explain: (a) the chemical evi- 
dence obtained by Klotz & Klotz (75, 96); (b) the marked exaltation in light 
absorption in the visible range by oxyhemerythrin and oxyhemocyanin; 
(c) the reversibility of the oxygenation reactions; and (d) the decrease in 
magnetic susceptibility observed by Kubo (102) for the oxygenation of 
hemerythrin. It is to be expected that hemocyanin and hemerythrin might 
be able to combine with CO, but only at high pressures, for the presence of 
resonance stabilization would not exist for the CO derivative that is observed 
for the O2 derivative. Hemoglobin has two major resonance forms with re- 
spect to the oxygen-iron bond (90). The fact that hemocyanin has three and 
hemerythrin has four major resonance forms may explain what little trend 
there is to the heats of oxygenation. In general one expects an increasingly 
negative heat of reaction upon increasing the number of significant resonance 
‘species’ on the right-hand side of a chemical equation. Paramagnetic res- 
onance spectroscopy of hemocyanin and hemerythrin might shed further 
light on the intimate nature of the oxygen-metal bond on a comparative 
basis. 

Location of the oxygen-affine center —Because (a) hemocyanin functions 
as an oxidase only when denatured and (b) the copper in native hemocyanin 
is removable by small ions such as hydronium and cyanide but not by the 
larger chelating agents, Zuckerkandl (109) concluded that the copper atoms 
are buried to some extent below the surface of the protein. This result is 
paralleled by the much-discussed ‘‘crevice theory” of St. George & Pauling 
(110), originally postulated on the basis of experiments with bovine and 
human hemoglobins and recently extended to horse myoglobin by Lein & 
Pauling (111). However, Granick (112), Keilin (113), and Kendrew & Par- 
rish (114) have cited many chemical facts that make it difficult to assume 
that the hemes are anywhere but on the surface of the protein. Thermody- 
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namic evidence has also been interpreted to indicate a surface position for 
the hemes in myoglobin and hemoglobin—in contrast to a crevice position 
for the heme of cytochrome-c (115); evidence for and against the ‘‘crevice 
theory” is extensively discussed by George & Lyster (116, 117). An interest- 
ing approach to this problem is that of Davidson & Gold (118); utilizing the 
interaction of the paramagnetic iron of methemoglobin on the proton mag- 
netic resonance spectrum of water, they have concluded that the heme iron 
is 5 to 10 A below the surface of the protein. The “‘crevice theory” of Pauling 
and associates (110, 111) is based largely on the fact that hemoglobin and 
myoglobin bind ethyl isocyanide more strongly than isopropyl isocyanide 
which, in turn, is bound much more strongly than t-butyl isocyanide, a trend 
which is not shown when these alkyl isocyanides are bound to ferroheme. 
Hence, the postulate that a portion of the protein moiety encompasses the 
heme group and, thus, accounts for the steric hindrance suggested by the 
alkyl isocyanide reactions. However, Scheler (119) studied the affinity of 
several animal methemoglobins for CNO-, CNS~, and CNSe™ ions; the 
affinity decrease did not always parallel increasing ion size. Scheler (120) 
also has shown that Chironomus (midge fly larva) methemoglobin binds 
acetate ion more strongly than formate or proprionate. Blyumenfel’d (121) 
suggests that the heme is further from the surface in deoxygenated hemo- 
globin than it is in oxyhemoglobin. This last suggestion might account for 
the strong evidence that can be used for both sides of the argument concern- 
ing a surface or crevice location for the hemes in hemoglobin. 

Role of the protein moiety in the oxygenation reaction On the basis of 
thermodyamic analyses of the kinetic studies of Roughton, Hartridge, and 
Millikan, Eley (122) showed that the reactions of hemoglobin, myoglobin, 
and hemocyanin with oxygen are accompanied by such large entropy changes 
that there must be either a reorganization of the protein fabric or a change 
in the water of hydration about the protein, or both. Haurowitz (6) had 
previously emphasized that some drastic change accompanies oxygenation 
of hemoglobin, because ‘‘reduced’”’ and oxyhemoglobin have different physi- 
cal properties. Subsequent workers have from time to time entertained the 
idea of configurational changes in the reaction of hemoglobin with oxygen; 
particularly significant is the discussion by Wyman & Allen (123) in which 
oxygen affinity is explained as being related to the ease with which the con- 
figurational change occurs and the heme-heme interactions are indicated as 
representing mutual assistance between changes occurring in regions of the 
protein associated with the multiple oxygen-combining sites. Takashima & 
Lumry (124 to 126) have provided a particularly elegant proof for the theory 
of configurational changes; they have shown that combination of hemoglobin 
with oxygen or carbon monoxide causes a marked alteration in the dielectric 
properties of the molecule; very likely this indicates that as each heme com- 
bines with a ligand there is a rearrangement of the relative position of certain 
charged groups—i.e., a configurational change. Changes in optical rotation 
also indicate molecular reorganization; Simonovits & Balassa (127) have 








200 MANWELL 


shown that a decrease in the magnitude of the optical rotation takes place 
when horse hemoglobin combines with oxygen or carbon monoxide. A similar 
change to more negative values upon oxygenation has been found using 
Busycon hemocyanin (128). Thermodynamic analyses of data on the oxygen 
equilibrium of Octopus hemocyanin (9) and Phascolosoma hemerythrin (106) 
indicate a larger increase in the total order of the system than would be pre- 
dicted upon the combination of an uncharged molecule (oxygen) with an 
uncharged site on a protein. Such order changes may represent either changes 
in the “frozen water’’ associated with the protein, a theory emphasized by 
Klotz (129), or changes in the secondary and tertiary structure of the protein. 
Since Phascolosoma hemerythrin lacks a Bohr effect (106), changes in the 
order of the solvent and the buffer ions because of changes in the charge 
distribution resulting from oxygen-affine-center-linked prototropic groups 
(equivalent to the so-called ‘‘heme-linked’”’ groups in hemoglobin) are not a 
complicating factor; however, the same is not true for Octopus and Busycon 
hemocyanins in which the oxygen equilibrium is a function of the pH. The 
author (unpublished) has noted that the coagulation point for oxyhemo- 
cyanin prepared from blood of the spiny lobster Panulirus is about four 
degrees higher than that for the ‘‘reduced”’ (nitrogen-equilibrated) hemo- 
cyanin. Hence, the bonding of at least some of the secondary and tertiary 
structure of the lobster hemocyanin molecule is strengthened upon oxygena- 
tion. Parallel results have been observed for various hemoglobin derivatives. 
It is well known that “‘reduced”’ hemoglobin is more susceptible to alkaline 
denaturation than oxyhemoglobin (82, 130); carbon monoxide hemoglobin 
is particularly resistant to denaturation. 

Gibson (131) has found that when CO-hemoglobin is dissociated by light 
in flash photolysis experiments the newly formed “reduced’”’ hemoglobin 
reacts more rapidly in recombination with CO than does ordinary ‘‘reduced”’ 
hemoglobin; perhaps this newly formed hemoglobin has not had time to 
undergo the configurational changes attendant to dissociation into ‘‘reduced”’ 
hemoglobin and CO when light has not been absorbed. Gibson & Ainsworth 
(132) have shown that oxyhemoglobin, NO-hemoglobin, and ethyl-isocya- 
nide-hemoglobin are photodissociable, although by no means to the degree 
that CO-hemoglobin is. That energy can be transferred from the protein 
moiety to the prosthetic group and facilitate the cleaving of the iron-ligand 
bond has been shown by experiments on CO-myoglobin by Biicher & Kaspers 
(133). It appears that configurational changes are basic to the function of 
not only hemoglobin but also hemocyanin and hemerythrin. 


THE SPECIFICITY OF THE BLOOD PIGMENTS: AT THE LEVEL OF THE 
SPECIES AND OF THE HIGHER TAXONOMIC CATEGORIES 


Molecular weight——There appears to be a basic similarity in the hemo- 
globins in that there is approximately one heme to a protein (or protein por- 
tion) of molecular (or equivalent) weight of 17-20 X 10°. Several hemoglobins 
have but one heme per molecule: mammalian, including human, myoglobin 
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(2; see also 134 to 136); sea hare Aplysia myoglobin (137); sea lamprey 
Petromyzon marinus vascular hemoglobin (138); and legume root nodule 
hemoglobin (30). Other hemoglobins have molecular weights that are inte- 
gral multiples of this basic unit [see tables (139); (1, 7)]. The quantity 
66-72 X 10%, which corresponds to four hemes per molecule, has been con- 
sidered to be characteristic of non-cyclostome vertebrate vascular hemo- 
globins (16); even tadpole (140) and fetal mammalian (141) hemoglobins 
have four hemes per molecule. However, the lamellibranch mollusc Anadara 
(formerly Arca) inflata has an erythrocytic hemoglobin with a molecular 
weight of 72 X 108 (142). Furthermore, one of the two components of a turtle 
hemoglobin has a molecular weight twice this basic number—i.e., it has 
eight hemes per molecule (143). Higher molecular weight components were 
detected in ultracentrifugal studies of many “‘lower’’ veretebrate hemoglobins 
in the classic studies of Svedberg and co-workers (139). Hence, this evidence 
can be added to the long list accumulated by Keilin & Hartree (144) for 
elimination of the term ‘“‘erythrocruorin” and its incorrect connotation that 
all invertebrate hemoglobins comprise a fifth class of blood pigments. 

As the result of the extensive molecular-weight studies of Svedberg, 
Roche, and their co-workers (139), it became apparent that intracellular 
respiratory pigments have small molecular weights (17-72 10*), whereas 
the extracellular vascular pigments have molecular weights ranging from 
several hundred thousand to several million—with the sole exception of 
Chironomus hemoglobin, which has a molecular weight of 34108 and yet 
circulates in solution in the hemocoele. This fact has been discussed fre- 
quently [e.g. (16)] and, therefore, its correlation with osmotic and hemo- 
dynamic aspects of physiology will not be elaborated upon here. 

Love (86) found that Golfingia gouldit hemerythrin has a molecular 
weight of 120,000, in contrast to Roche & Roche’s (145) 66,000 for Sipunculus 
nudus hemerythrin. 

There appears to be a distinct difference in the copper content of mol- 
luscan and arthropod hemocyanins (11); for the molluscs this corresponds 
to the binding of 1 mol. of oxygen to a 50,000 equivalent weight of protein; 
for the arthropods, 1 mol. of oxygen to a 70,000 equivalent. Hemoglobin and 
hemerythrin are, in a way, more efficient in that the protein equivalent to 
1 mol. of oxygen is only about 18,000. 

Molecular shape and symmetry—Experiments on various mammalian 
hemoglobins indicate that the molecule is roughly cylindrical both in crystals 
and in 1 to 12 per cent solutions (146 to 148). The culmination of the beauti- 
ful work of the English researchers has been the complete tertiary structure 
of sperm whale myoglobin (5). The complexity is far greater than most 
people expected for a relatively small globular protein; there are no neat 
parallel peptide chains;instead, one finds an irregular three-dimensional inter- 
twining of one long polypeptide chain—with the heme group on the surface. 
The most detailed study of the shape of a hemocyanin molecule is that of 
Lauffer & Swaby (149). They found by two independent methods that lob- 
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ster Homarus americanus hemocyanin has the shape of an oblate ellipsoid 
with major diameter 33 mu. and minor diameter 7.5 my. Joubert (150), work- 
ing on the hemocyanin of the crayfish Jasus lalandii, found a more spherical 
molecule, the frictional ratio being 1.3. 

Symmetry of a protein molecule can be deduced by x-ray diffraction 
studies [e.g. (151)], by analysis of the number of peptides formed after tryptic 
digestion when the number of lysine and arginine residues is known (152, 
153), and by ultracentrifugal studies of submolecular dissociation (139, 154 
to 158). It can be concluded that horse, human, and several other mam- 
malian hemoglobins consist of two identical halves, each with a molecular 
weight of approximately 34,000. Kendrew and co-workers (159) have studied 
the crystal forms of various myoglobins. 

Odd integral numbers for N-terminal and C-terminal amino acid residues, 
as well as for the number of residues of a particular type of amino acid, may 
at first be thought to imply fundamental molecular asymmetry; likewise, 
fractional numbers might indicate molecular heterogeneity (160). However, 
figures ranging from 3.6 to 5 N-terminal valine residues for human adult 
hemoglobin owe their variability to technical difficulties; Rhinesmith and 
co-workers (161) have found precisely 4 N-terminal valines per Hb A mole- 
cule, and these are at the end of two different peptide chains. Hence, this 
result also shows the fundamental bisymmetry of the human hemoglobin 
molecule. 

Isoelectric point.——Until recently it was believed that the isoelectric 
points of invertebrate hemoglobins were more acid than those of non-cyclo- 
stome vertebrates. Ramirez & Dessauer (143) have found a turtle hemo- 
globin with an isoelectric point of 5.7. Hence, the cyclostomes are not the 
only vertebrates whose hemoglobin has an isoelectric point in the pH range 
5-6 (16). Some teleost fishes have hemoglobins with quite acid isoelectric 
points (144), whereas other fishes have hemoglobins that migrate electro- 
phoretically as if their isoelectric points were eight or above (162). The ap- 
parent position of cyclostome hemoglobins as being intermediate between 
vertebrate and invertebrate hemoglobins on the basis of isoelectric point 
and content of certain amino acids (163) requires further evaluation—par- 
ticularly in that for the amino acid composition the invertebrate data were 
restricted to various annelid hemoglobins and the vertebrate data were 
largely confined to several mammalian hemoglobins. In view of the phylo- 
genetic position of the Chordata, data on holothurian hemoglobins are neces- 
sary for such evolutionary comparisons. Root nodule hemoglobin has the 
lowest isoelectric point of any known hemoglobin, pI’ = 4.4—4.6 (30). 

The isoelectric points of hemocyanin and hemerythrin are in the pH 
range 4-6, the isoelectric points of closely related molluscs—e.g., species of 
the genus Helix (snails)—being very similar (7, 139). To this can be added 
pl’ =4.65 for Jasus lalandii hemocyanin (150), and pl’=4.0 for Neptunus 
trituberculatus hemocyanin (164). 

Amino acid composition; C- and N-terminal residues; sulfhydryl groups.— 
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In spite of the large amount of work that has been recently published on the 
amino acid composition of several mammalian hemoglobins [see especially 
(165)], there has been little comparative work beyond that of Roche and his 
associates [(2, 16); summarized in (166, 167)]. 

Porter & Sanger’s (168) studies on the N-terminal amino acid residues of 
various mammalian hemoglobins showed that there were distinct differences 
between artiodactyl and perissodactyl mammals, which in turn are distinct 
from human (primate) hemoglobin. Recent workers have found fewer N- 
terminal valines for human (161) and horse (158, 169) hemoglobins. The 
basic aspects of Porter & Sanger’s (168) studies have been recently con- 
firmed by Dévényi (170), Braunitzer (165), and Ozawa & Satake (171). The 
latter workers also determined the N-terminal and penultimate amino acids 
for the hemoglobin of the dog, guinea pig, rabbit, chicken, and an unspecified 
species of snake, finding only valine residues as the N-terminal groups. 
Ozawa & Satake’s finding of glycine in the penultimate N-terminal position 
in horse hemoglobin has been questioned by Smith, Haug & Wilson (158). 
Yagi and associates (172) have determined the C- and N-terminal amino 
acid residues of the hemocoelic hemoglobin of the mollusc Anadara inflata. 
The N-terminal residues are composed primarily of proline, with smaller 
amounts of glycine and glutamic acid residues; in contrast, mammalian 
blood hemoglobins have only valine, or valine and methionine N-terminal 
residues. Horse muscle hemoglobin has one N-terminal glycine residue per 
molecule (168, 173); seal Phoca vitulina myoglobin also has.an N-terminal 
glycine, although finback (174) and sperm whale myoglobin has N-terminal 
valine (159). 

Masiar and co-workers (175 to 177) have compared the arginine- and the 
histidine-containing peptides formed upon partial hydrolysis of pig, horse, 
and human hemoglobins. Although many of the peptides are the same, sev- 
eral are unique to the different species. It appears as if portions of these 
molecules are similar. A comparable picture has been revealed by the well- 
known amino acid sequence studies on the insulin, ACTH, and cytochrome-c 
molecules. 

It appears to be very difficult for different workers to get even roughly 
similar values for the number of sulfhydryl groups in a given mammalian 
hemoglobin [tabulated results (6)]. For example, the number of —SH per 
molecule of ‘‘dog hemoglobin’”’ ranges from 4 (178) to 10 (179). The only 
hemoglobin for which there had been much general agreement was human 
adult hemoglobin (Hb A). However, the value of 8 —SH per molecule has 
been recently criticized by Allison & Cecil (180), who find only six. Using a 
very carefully purified set of different human hemoglobins, Stein and co- 
workers (181, 182) find only 4-5 —SH per molecule. Recently, Murayama 
(183) has published a careful study of the —SH groups of four mammalian 
hemoglobins. He found 10 —SH for dog hemoglobin, confirming Benesch 
et al. (179), and 6, 6, and 8 respectively for horse, cow, and sheep hemo- 
globins, values identical to those of Ingram (184). 
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Alkaline denaturation.—Alkaline denaturation rates of various vertebrate 
hemoglobins are quite distinct (185; see also 186, 187). Haughton, Kerkut & 
Munday (188) found different denaturation rates for the hemoglobins of 
five species of oligochaete worms. Alkaline denaturation behavior of Lum- 
bricus (earthworm) hemoglobin is very different from that of terebellid poly- 
chaete hemoglobins (189). The alkaline denaturation technique has been 
more frequently used in the differentiation of very closely related hemo- 
globins and, thus, is more profitably discussed in the section on infraspecific 
differences. 

Electrophoretic mobility —Supplementation of the classical moving bound- 
ary technique by zone electrophoresis using paper, or starch or agar gel has 
facilitated the electrophoretic analysis of hemoglobins. In an extensive com- 
parison of the paper electrophoretic migration rates of various amphibian 
and reptilian hemoglobins, Dessauer, Fox & Ramirez (190) conclude that 
although certain generalizations are possible at the level of higher systematic 
categories, differences in electrophoretic mobilities are more rewarding 
when used in comparing lower taxonomic categories. Electrophoretically, 
several monkey hemoglobins resemble human hemoglobin (191 to 194). 
Serological maps and the proportion of two electrophoretically resolvable 
components in the hemoglobins of four species of fringillid birds were in 
agreement (195); these biochemical criteria were in concord with the results 
of behavioral and anatomical studies. 

Immunological differences—Kendrew and co-workers (159) not only 
summarize succinctly the older work on the immunology of different mam- 
malian hemoglobins, including that of Landsteiner and Hektoén, but con- 
tribute a considerable amount of new data on vertebrate, especially cetacean, 
myoglobins. It is interesting that the only non-cetacean myoglobins to give 
a cross reaction with the antibody to sperm whale myoglobin were from the 
pinnipede carnivores (seals and sea lions). Also of interest with regard toa 
possible origin of the Cetacea (whales) from pinnipede ancestors is the fact 
that seal Phoca vitulina myoglobin resembles sperm whale myoglobin 
crystallographically (196). 

Oxidation of hemoglobin.—Betke and associates (197 to 199) have noted 
considerable differences in the ease with which the hemoglobin of several 
laboratory mammals can be oxidized to methemoglobin. The rate not only 
varies as to the species but as to the oxidizing agent—e.g., mouse hemoglobin 
is oxidized three times as rapidly as human hemoglobin when potassium 
ferricyanide is used, but only one-tenth as rapidly when sodium nitrite is the 
oxidizing agent. Betke’s work indicates that pig hemoglobin is no less easily 
oxidized than other mammalian hemoglobins, yet this mammal appears to 
be unique in that its erythrocytes lack the usual methemoglobin-reductase 
system. 

Concentration of respiratory pigment.—Studies made on the concentra- 
tion of hemoglobin in various vertebrates emphasize both intra- and inter- 
specific variability (1). For some recent data on birds see Gelineo et al. (200); 
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Menon (201) and Nair (202) have added data for representatives of several 
vertebrate classes; data restricted to fishes are provided in (203 to 209). In 
general the oxygen capacity of the blood is highest in the more active pelagic 
fishes (206, 209); elasmobranchs have larger erythrocytes and lower hemo- 
globin concentrations than teleosts. Closely related species of fishes having 
apparently similar ecologies may have quite large and consistent differences 
in the blood hemoglobin level. Deep-sea fishes have no higher blood oxygen 
capacities than their shallow water relatives (203). 

High altitude (or other hypoxic conditions) usually induces an increase in 
blood hemoglobin in mammals; however, for several species a movement of 
the oxygen equilibrium curve to the left is more important (210). Neverthe- 
less, Chiodi (211) has shown that the oxygen equilibrium curve of blood 
from humans living at high altitude (3990 and 4515 m.) is the same as that 
for humans at sea level. Vaughan & Pace (212) review the literature on the 
effect of hypoxia on muscle hemoglobin levels in various mammals; in addi- 
tion, they showed that for rats born and raised at 12,500 ft. the myoglobin 
content is 50 per cent higher than that for sea-level dwelling rats, whereas 
the blood hemoglobin is only 25 per cent higher. Criscuolo et al. (213) found 
that rats kept at a simulated 20,000 ft. for six weeks have an increased myo- 
globin content even when an iron-deficient diet prevents a similar increase in 
blood hemoglobin, Anthony et al. (214) found that for rats kept at a simu- 
lated 18,000 ft. altitude for several weeks the only really significant increase 
in myoglobin was in the heart; adaptation in the rat appears also to involve a 
change in the association reaction of cardiac but not skeletal myoglobin for 
oxygen (215). However, Kreps et al. (216) found that four generations of 
rats kept at a pO.=70 mm. Hg experienced no myoglobin increase although 
there was an increase in vascular hemoglobin. 

The oxygen capacity of the blood of diving ducks is not significantly 
greater than that for their dabbling relatives when expressed on a per-unit- 
volume basis (217); however, because the total blood volume is propor- 
tionately larger in the diving ducks, the total oxygen reserve is greater (218). 
Furthermore, when one compares loons and ducks with non-aquatic birds, 
such as the chicken and the turkey, the aquatic forms have a higher blood 
hemoglobin concentration (219). Other possible adaptations involving prop- 
erties of the blood of diving birds are discussed by the author elsewhere (220). 
Review of earlier literature on blood of diving birds and mammals, plus 
original experiments, is to be found in the Scholander monograph (221). Only 
in some whales is the oxygen capacity of the blood very much greater than 
that of active terrestrial mammals. However, Pugh (222) has recently found 
that Weddell’s seal has a blood oxygen capacity of 30 to 34 volumes per cent, 
50 per cent higher than that of most terrestrial mammals. 

The oxygen capacity of the blood increases in hibernating ground 
squirrels (223). Hutton (224) found that hemoglobin levels increase in the 
turtles Terrapene carolina and Pseudemys scripta during hibernation. How- 
ever, Altland and associates (225, 226) have found that hypoxia fails to 
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stimulate hemoglobin production in Terrapene carolina. Nevertheless, some 
other “lower’’ vertebrates do respond to hypoxia by increased hemoglobin 
synthesis—e.g. goldfish (227). 

Many of the fresh-water crustacea, e.g. Daphnia (water flea), synthesize 
hemoglobin in oxygen-deficient water and lose the hemoglobin when the 
oxygen tension is increased (32, 228 to 236). Gilchrist (237) has shown that 
the brine shrimp Artemia synthesizes hemoglobin when the salinity of the 
environment increases. In Daphnia magna the hemoglobin is synthesized in 
the fat cells and the ovary, is broken down in the fat cells; and the resulting 
excretory products, including the iron, are released by way of the gut caecae 
and the shell glands (232, 236). Unfortunately, there is no equivalent detailed 
study of the sites of anabolism and catabolism for other invertebrate respira- 
tory pigments. We are in the dark concerning the place of formation of 
chlorocruorin (22), hemocyanin (11), and hemerythrin although studies of 
Zuckerkandl (238, 239) on the spider crab Mcia implicate the digestive 
gland (hepatopancreas) in hemocyanin production. Not all invertebrates 
synthesize increased quantities of hemoglobin in response to low oxygen par- 
tial pressures (32); such well-known hemoglobin-containing forms as the lug- 
worm Arenicola and the midge-fly larva Chironomus are in this category. In 
the spider crab Maia moulting is accompanied by a complete loss of hemo- 
cyanin; if the crabs are kept free of copper after the ecdysis they live for 
months without hemocyanin (238, 240). This parallels the discovery that 
some specimens of the toad Xenopus completely lack blood hemoglobin (62, 
63). A possible explanation for the failure of hypoxia to stimulate respiratory 
pigment synthesis in certain animals and not in others has been offered by the 
author (189) and will be discussed in the section on ecological considerations 
of the oxygen equilibrium. 

Equilibria and kinetics of the reactions with oxygen and other ligands.—It 
appears that the primary function of hemoglobin and other respiratory pig- 
ments depends upon the ability of the pigment to combine reversibly with 
molecular oxygen; root nodule hemoglobin may be an exception to this in 
that the hemoglobin is not needed to maintain cellular respiration through 
oxygen storage, although it is required for nitrogen fixation (30). Secondary 
functions of blood pigments frequently include acid-base balance and main- 
tenance of colloid osmotic pressure; these are, however, not unique func- 
tions, for they could be performed by most any soluble protein. Blood pig- 
ments with a Bohr effect often have a role in carbon dioxide elimination; 
further specialization along this line involves specific combination of CO2 
with the protein moiety of hemoglobin (241 to 246); Margaria et al. have 
shown that horse hemoglobin differs from horse myoglobin, other proteins, 
and amino acids in binding significant quantities of CO, at neutral pH; very 
likely this is not carbamino compound formation in the case of horse hemo- 
globin in the pH range 6-7.5, although this and other proteins exhibit car- 
bamino formation at sufficiently alkaline pH’s. 
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The combination of a respiratory pigment with molecular oxygen can 
be described approximately by the well-known Hill equation: 


(p/Ps0)” 
1 + (/ps0)” 


where y is the per cent of the oxygenated form of the respiratory pigment and 
p is the partial pressure of oxygen (oxygen tension, pO). The two constants 
in the equation are n, the “sigmoid coefficient’’ which is a measure of the 
interaction between oxygen-combining sites on the same protein molecule, 
and ps0, the partial pressure of oxygen at which exactly half of the pigment 
is oxygenated and half is uncombined with oxygen. In much of the older 
q literature the graph of y as a function of p is mistakenly called an ‘‘oxygen 
dissociation curve’’; the term ‘‘oxygen equilibrium curve” is more accurate. 
The position of the oxygen equilibrium curve is determined by the constant 
bso; if ps0 is small (e.g., 1 mm. Hg), the respiratory pigment is said to have a 
high oxygen affinity; if large (e.g., 30 mm. Hg), a low oxygen affinity. The 
shape of the curve is determined by n. If n=1, the oxygen-affine centers are 
independent and the resulting oxygen equilibrium curve is a segment of a 
rectangular hyperbola; the curve is spoken of as ‘‘hyperbolic’’. If 7 is greater 
than one, cooperative (positive) interaction exists between the oxygen-com- 
bining sites; at approximately »=1.6 or greater, the oxygen equilibrium 
curve has a definite ‘‘S” shape and is referred to as sigmoid. The best known 
example of positive interactions is the heme-heme interactions found in mam- 
malian and other hemoglobins; however, similar positive interactions are 
found in many hemocyanins, sipunculid hemerythrins, and Sabella chlo- 
rocruorin [see data in Prosser (1)]. Riggs (247, 248) has emphasized that 
heme-heme interactions can be expected in all non-cyclostome vertebrate 
hemoglobins, for these have more than one oxygen-combining site per mole- 
cule. However, the author (249) has observed a complete absence of heme- 
heme interactions in spiny dogfish Squalus suckleyi adult hemoglobin. Even 
more striking is the observation that some fish hemoglobins will display 
heme-heme interactions when studied in solution but have no heme-heme 
interactions when the hemoglobin is in its natural place—the erythrocyte 
(9). Furthermore, the extracellular vascular hemoglobin of the terebellid 
polychaete worm Eupolymnia has a hyperbolic oxygen equilibrium curve 
and a molecular weight corresponding to about 200 hemes per molecule (189). 
Closely related to Eupolymnia is the lugworm Arenicola cristata; it has the 
most extensive heme-heme interactions of any known hemoglobin, m being 
approximately six [(250); Manwell, unpublished experiments on Pacific 
coast races of the same species]. 

The converse situation, less than one, would correspond to hindering 
(negative) interactions between oxygen-binding sites; the author (9) has 
postulated the existence of negative heme-heme interactions in the oxygen 
equilibrium of some teleost fish hemoglobins at approximately neutral or 
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slightly acid pH’s at which one frequently observes undulatory oxygen 
equilibrium curves and the reversible diminution in oxygen capacity [see 
also (251)]. The diminution in oxygen capacity of the hemoglobin is termed 
the Root effect by Scholander & Dam (252); it is distinct from the Bohr 
effect, which is the well-known change in oxygen affinity as a function of pH. 
Undulatory oxygen equilibrium curves have been observed for the hemo- 
cyanin-containing blood of the horse-shoe crab Limulus and the whelk 
Busycon (10); although Redfield explained this effect in terms of a mixture 
of different hemocyanin molecules, the possibility of negative interactions be- 
tween oxygen-combining sites on the same molecule cannot be disregarded. 
The undulatory curves for duck hemoglobin observed by Wastl & Leiner 
(253) were not observed by subsequent workers, e.g. Allen & Wyman (254). 
Takashima (255) observed a peculiar change in the shape of the oxygen equi- 
librium curve of horse hemoglobin at very low ionic strengths; the curve lost 
its symmetry ina y vs. log p plot, which is equivalent to a lack of symmetry 
in the ertire oxygenation picture for the four-heme horse hemoglobin mole- 
cule. However, he did not establish that this effect was not caused by some 
kind of denaturation, for the reversibility of the effect was not shown and 
Kubo (256) observed that stale solutions of cow hemoglobin (left in the re- 
frigerator for a few days) yield an asymmetrical curve on a y-log p trans- 
formation. The author (unpublished) purified human hemoglobin and de- 
ionized it by dialysis against an outer medium containing a mixture of 
Dowex-2 and Dowex-50 ion-exchange resins. The deionized hemoglobin 
yielded a curve similar to that observed by Takashima (255) for horse hemo- 
globin. Since more points were obtained at low percentage saturations, it be- 
came clear that the shape was undulatory with a midpoint at y=25 per cent. 
The effect cannot be one of irreversible denaturation, since addition of phos- 
phate buffer (or other salt) brings the oxygen equilibrium curve back to the 
original sigmoid shape and with the same p59. Fetal human hemoglobin be- 
haves similarly, although the midpoint is at approximately 50 per cent. 
These results support the claim of Takashima (255) that some of the hemes 
are behaving differently in the entire oxygenation process. Apparently, for 
human adult hemoglobin in an essentially ion-free environment oxygenation 
of the first heme inhibits oxygenation of other hemes; however, at sufficiently 
high oxygen partial pressures a second heme combines with oxygen; then, 
positive heme-heme interaction occurs and the remaining hemes display a 
great increase in oxygen affinity. The recent kinetic studies of Roughton, 
Gibson and associates (257, 258) indicate that in the presence of salt the 
fourth step of the four oxygenation sequences is where the large positive 
interaction occurs. It is difficult to reconcile such results with the bisym- 
metry of the human hemoglobin molecule established by various chemical 
means (reviewed in the section on molecular shape and symmetry). 

The studies of Roughton, Gibson and associates (259 to 263) have also 
shown that the Hill equation is an oversimplification of the oxygen equilib- 
rium and does not fit the best data well at very low or very high values of y. 
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The reason the Hill equation works fairly well, in spite of the fact that it was 
originally derived on an entirely false assumption, is the fact that an identical 
equation results as approximation to the exact solution of the equation ex- 
pressing the relative proportion of bound groups on a multivalent macro- 
molecule in which there exists interaction between the binding sites (264). 
For this reason the equation is better termed the ‘Hill approximation’’. The 
fit of data is especially bad when the interaction changes markedly as the 
hemoglobin approaches complete oxygenation (e.g., some annelid hemo- 
globins) and when there are negative interactions (e.g., fish hemoglobins; 
human hemoglobins in ion-free media). However, data on the oxygen 
equilibrium of many blood pigments are quite accurately approximated by 
this equation. In view of the fact that it contains only two constants, whereas 
the most exact equation based on intermediate compound formation requires 
as many constants as there are oxygen-affine centers, the Hill approximation 
presents a useful simplification for most purposes. The linear transformation 
based on the Hill approximation is a plot of log [y/(100—,)] as a function of 
log p; n is the slope of the line; and p50 is that value of p for which y=50. 
Data on human hemoglobins under a variety of conditions fit such a linear 
transformation surprisingly well [see figures (265)]. 

Gibson (266) has studied the kinetics of the combination of earthworm 
Lumbricus and lugworm Arenicola extracellular blood hemoglobins with 
oxygen and carbon monoxide; despite the fact that these hemoglobins have 
much larger molecular weights than the various mammalian hemoglobins 
for which kinetic data have been accumulated, the reactions proceed with 
comparable speed and behavior for both sets of hemoglobins. In general, it 
appears that as the molecule of hemoglobin becomes progressively oxygen- 
ated the heme-heme interactions increase. This is particularly striking in the 
sheep hemoglobin molecule where the combination of three out of the four 
available hemes with oxygen results in approximately a 200-fold increase 
in the oxygen affinity of the one remaining uncombined heme (261). Unfor- 
tunately, no comparably detailed studies have been made on other respira- 
tory pigments. Millikan (267) was able to show that spider crab Maia oxy- 
hemocyanin deoxygenates as rapidly as mammalian oxyhemoglobins. 

The mechanisms responsible for the interaction between the hemes in 
hemoglobin and for the Bohr effect, which is nothing more than interaction 
between oxygen-combining and proton-combining groups, are still not ex- 
plainable with certainty. Riggs has shown that —SH groups are involved in 
both the heme-heme interactions (268) and the Bohr effect (269); particu- 
larly curious is the fact that when the concentration of the mercurial —SH 
inhibitor is increased, the magnitude of the heme-heme interactions tends 
to return to normal (270). As might be expected, PCMB affects the ligand 
reaction kinetics and their pH dependence (131, 257). Rossi-Fanelli & 
Antonini (271) found n=2.6-2.7 for native and reconstituted human hemo- 
globin and n=1.7 for deuterohemoglobin; hence, the vinyl side chains of the 
porphyrin are involved in the heme-heme interactions. An interesting corrob- 
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oration of Wyman’s (272) emphasis on the close pairing of hemes and the 
heme-heme interactions has been provided by Klynstra’s (273) study on com- 
petitive inhibition of the oxygen-hemoglobin reaction by histidine; combina- 
tion of one heme with histidine prevents access of the other heme by oxygen. 

The Bohr effect has been explained in terms of specific heme-linked 
groups attached strongly or weakly to the crevice-located heme (110); these 
authors explain (a) the strong negative Bohr effect of mammalian hemo- 
globins at physiological pH’s in terms of changes in the resonance pattern 
for the imidazole ring of the histidine residue bound to the fifth co-ordination 
position of the iron atom, and (b) the weak reverse (positive) Bohr effect of 
these hemoglobins at pH’s below 6.0—6.5 as the result of the smaller effect of 
the other histidine residue loosely interacting with the sixth co-ordination 
position of the iron and which is displaced by the oxygen molecule upon 
oxygenation. In addition, St. George & Pauling (110) explain the heme- 
heme interactions in terms of the resulting ‘‘loosening up’’ of adjacent pro- 
tein structure upon displacing the ‘‘distal’’ imidazole and thereby making 
other hemes more accessible to oxygen molecules. As pointed out by Wyman 
& Allen (123) such a specific explanation of the Bohr effect is difficult to 
reconcile with the results of comparative physiology; for example, although 
the size of the heme-heme interactions for tadpole and adult bullfrog (Rana 
catesbiana) hemoglobin is the same, the former lacks a Bohr effect in con- 
trast to the latter (140). Although for spiny dogfish (Squalus suckleyi), rat, 
and human hemoglobins the reverse Bohr effect is much weaker than the 
normal negative Bohr effect [Manwell (9, 265), unpublished experiments], 
the reverse Bohr effect is just as strong as the normal Bohr effect in skate 
(Raja binoculata), diving bird, and sea lion (Eumetopias) hemoglobins [Man- 
well (220, 274), unpublished experiments]. For hemoglobins of the adult 
bullfrog (140) and the garter snake Thamnophis elegans (9) the reverse Bohr 
effect is considerably stronger than the normal physiological Bohr effect. 
Hemoglobin of the holocephalian Hydrolagus (formerly Chimaera) colliei has 
only the normal Bohr effect (9); accordingly, this hemoglobin resembles 
horse myoglobin rather than horse hemoglobin (275) in that there is but one 
heme-linked group responsible for the Bohr effect. However, when one con- 
siders the pH-dependence of the heme-heme interactions of Hydrolagus 
hemoglobin, one finds that the bell-shaped curve of m as a function of pH for 
hemoglobin in prepared solution requires the presence of at least two more 
heme-linked groups; as the hemes are independent of each other at all pH’s 
when this hemoglobin is studied inside the erythrocyte, these heme-linked 
groups are somehow suppressed by the erythrocyte. In addition, several 
hemoglobins are known that lack a Bohr effect besides tadpole bullfrog 
hemoglobin: Urechis caupo intracellular coelomic hemoglobin (16); Eupolym- 
nia extracellular vascular hemoglobin (189); sea cucumber Cucumaria 
miniata intracellular coelomic hemoglobin (70); and hagfish Polistotrema 
stoutt intracellular vascular hemoglobin (276). Obviously, the explanation of 
St. George & Pauling (110) for the Bohr effect fails at a comparative level. 
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On the basis of the studies of Wyman & Ingalls (272) it was believed that the 
heme-linked groups of horse hemoglobin were imidazole groups of histidine 
residues; however, Riggs (269) has recently found a correlation between the 
magnitude of the physiological Bohr effect and the number of —SH groups 
per molecule. On this and other evidence Riggs claims that the heme-linked 
groups are sulfhydryl groups. However, if several —SH groups are involved 
in the normal Bohr effect, one might expect a graph of p59 as a function of 
pH to show several inflections corresponding to the different —SH groups 
dissociating protons; if all the groups dissociate together—i.e., positive 
interaction between sulfhydryls, then one might expect a discrete series of 
Bohr effect magnitudes with no intermediate sizes. The author (265) has 
found that, while human adult hemoglobin has approximately twice as many 
—SH groups as human fetal hemoglobin, the fetal hemoglobin has a larger 
normal Bohr effect, especially at approximately neutral pH’s, than the adult 
hemoglobin; however, the author also found evidence that can be interpreted 
as indicating positive interaction among the heme-linked groups, and Murae 
yama (183) observed positive interactions between —SH groups. 

When the oxygen equilibria of the other blood pigments are examined, a 
range of behavior comparable to that for different hemoglobins is observed. 
Hemocyanins may have: (a) large normal and no reverse Bohr effects, e.g., 
cephalopod hemocyanins (277); both normal and reverse Bohr effects, e.g., 
Limulus, Helix, and Homarus hemocyanins (1) with the maximum in the 
Pso at very different pH’s; or (c) no Bohr effect, the only known examples 
being two species of amphineuran hemocyanins [Manwell (13), unpublished 
experiments]. The shapes of the oxygen equilibrium curves of these hemo- 
cyanins run from hyperbolic to sigmoid, with undulatory curves having been 
found for some (277). Recent studies on several sipunculid hemerythrins con- 
firm the earlier experiments of Marrian and Florkin in showing that these 
pigments lack a Bohr effect [(278); Manwell (106), unpublished experiments 
on hemerythrin of Dendrostomum zostericolum, D. pyroides, and Siphonosoma 
ingens]. In these hemerythrins ranges from 1.00 to 1.75. The author (un- 
published) has observed that the hemerythrin of the brachiopod Lingula 
has a Bohr effect two-thirds the magnitude of that for human adult hemo- 
globin. Spirographis (now Sabella) spallanzanti chlorocruorin displays both 
a Bohr effect and interactions between oxygen-combining sites (279). 

This diverse set of data on the oxygen equilibria of the various blood pig- 
ments can be most easily understood in terms of an extension of the theory 
of configurational changes. Upon combination of oxygen—or other ligand— 
with the metal atom of the respiratory pigment molecule, there is a change 
in the domain of certain z-orbital electrons involving the metal atom. Such 
changes are most likely slight extensions that lead to some change in the 
double bond character (280) of the peptide bonds of a few adjacent amino 
acid residues. In turn there would be strengthening in some areas, possibly 
weakening in others, of bonds, e.g. hydrogen bonds, holding the secondary 
and tertiary structure in some particular arrangement. With a sufficient en- 
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ergy redistribution inside the protein molecule a somewhat different sec- 
ondary and tertiary structure becomes the most probable state. This would 
represent the configurational change. The magnitude of the various kinetic 
constants would be a function of the ease with which such a transition could 
be made which is, in turn, a reflection of the activation energy barrier. Such 
configurational changes may be confined to a relatively small region which, 
together with the metal (and the porphyrin in the case of hemoglobin), would 
form the “‘active site’’ in the broadest sense of the word. If this altered region 
involves amino acid residues with ionizable groups, then the possibility of 
interaction between these groups and the oxygen-combining center exists— 
i.e., a Bohr effect. The changes in the distribution of some non-localized elec- 
tron orbitals could reflect themselves directly, or act indirectly through in- 
duced steric changes (degree of masking) to produce a change in the pK’ of 
such ionizable groups. These configurational changes provide the explana- 
tion for the fact that deoxygenated respiratory pigments differ in solubility, 
denaturation rate, coagulation point, crystal form, and optical rotation from 
the corresponding oxygenated forms (discussed previously). The change of 
“‘reduced”” hemocyanin and hemerythrin from colorless to brightly colored 
substances upon oxygenation is proof of an increase in the domain of certain 
non-localized electron orbitals; the fact that the absorption spectra of oxy- 
hemocyanin and oxyhemerythrin resemble in a general way those of many 
copper and iron chelates, respectively, proves that the non-localized orbitals 
involve the metal atom, very likely some of the 3d electrons. Deoxygenated 
hemoglobin is as intensely colored as oxyhemoglobin; however, this is the 
result of the extensive distribution of z-orbital electrons in the heme group. 
Nevertheless, the shift of the Soret band, which represents 7 —7’ transitions, 
indicates an alteration in the distribution of non-localized electrons. 

If there are two or more oxygen-combining centers per blood pigment 
molecule, the possibility exists that configurational changes in the vicinity 
of one oxygen-combining center affect those at another. It is important to 
note that the effects described for heme-heme (or the equivalent in hemocy- 
anin and hemerythrin) interactions do not imply that these be always posi- 
tive (facilitating). The matter of negative (hindering) heme-heme interac- 
tions in certain teleost fish and ion-free human and horse hemoglobin mole- 
cules has already been discussed. Zaaijer & Wolvekamp (281) have ob- 
served peculiar changes in the oxygen equilibrium of Planorbis corneus 
(ramshorn snail) hemoglobin under a variety of conditions that imply 
changes from positive to negative heme-heme interactions. There are other 
evidences for the lability of the heme-heme interactions: (a) the intracellular 
suppression observed for heme-heme interactions in certain fish bloods (9, 
282, 283); and (b) the fact that certain mercurials eliminate heme-heme inter- 
actions at low concentrations and restore those heme-heme interactions at 
higher concentrations of the mercurial! (270). A comparable effect for hemo- 
cyanin is the elimination of oxygen-combining site interaction upon dialysis 
of Limulus hemocyanin (10). As a result, although certain key groups may 
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be involved—e.g. —SH groups, it is the nature of the changes in the sec- 
ondary and tertiary structure that is important. 

A similar type of argument explains the Bohr effect, which can also be 
both positive and negative and which can be altered by the erythrocyte (9) 
and by denaturation (272). Imidazoles or sulfhydryls, or both, may be the 
“key groups” that actually dissociate protons, but it is the configurational 
changes that allow these particular groups—and not others on the protein 
surface—to have a significant effect on the oxygen affinity. 

It is particularly significant that interactions between oxygen-combining 
centers may themselves be pH-dependent. For horse (272) and human 
(265) hemoglobins, 7 is invariant of pH change—unless, of course, there is 
methemoglobin formation or —SH oxidation. However, a slight increase in 
n at slightly alkaline pH’s has been observed for skate (274), grebe, and duck 
(220) hemoglobins—whether in prepared solution or in the erythrocyte. Far 
more extensive pH variation of the heme-heme interactions is found in 
teleost fish hemoglobins; for both prepared hemoglobin solutions and eryth- 
rocyte suspensions from the blood of the red snapper Sebastodes ruberrimus; 
and for hemoglobin solutions—but not erythrocyte suspensions—from the 
blood of the cabezone Scorpaenichthys marmoratus, the heme-heme interac- 
tions pass from strongly positive to strongly negative as the pH drops (9); 
similar interpretations can be placed on Root & Irving’s (282, 283) data 
on tautog Tautoga onitis hemoglobin. Among pulmonate gastropod hemo- 
cyanins an interesting series of Bohr effects is found. Hemocyanin from the 
slug Agriolimax displays a normal Bohr effect with little change in m (Man- 
well, unpublished experiments); however, for the edible snail Helix pomatia 
the Bohr effect consists only of a change in m (284); hemocyanin from the 
garden snail Helix aspersa combines both effects (unpublished experiments 
of the author). Oxygen-affine center interactions are also pH-dependent in 
Lingula hemerythrin. 

On the other hand, the absence of heme-heme interactions in multi-heme 
hemoglobin molecules, such as those of the spiny dogfish Squalus (249) and 
the terebellid polychaete Eupolymnia (189)—the latter lacking a Bohr 
effect as well, indicates that the configurational changes may be sufficiently 
localized so that adjacent oxygen-affine or proton-affine centers are not af- 
fected. 

However, Klotz (129) has emphasized changes in the ‘frozen water” 
associated with the protein lattice in accounting for functional respiratory 
pigment specificity, rather than configurational changes. Nevertheless, the 
two ideas are not mutually exclusive, for it is difficult to conceive of some 
configurational change that would not alter the distribution of the water of 
hydration; conversely, a change in the water lattice would certainly alter the 
relative position of polypeptide chains and change the ease with which a pro- 
ton could be added or removed from ionizable groups. However, that inser- 
tion of an oxygen molecule into the water lattice and displacement of the sur- 
rounding water molecules accounts for all the differences in the physico- 
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chemical properties of ‘‘reduced’’ and oxygenated hemoglobin is not easy 
to reconcile with the well-known fact that in hemoglobin, replacement of 
oxygen by another ligand of approximately equal size (CO or NO) results in 
extensive increases in protein stability, possibly correlated with the increase 
in ligand affinity; furthermore, Root & Green (285) have shown that 
hemoglobin of the sea robin Prionotus has an equilibrium with CO that is 
very different from that displayed with oxygen. In fact, the magnitude of the 
Bohr effect of mammalian hemoglobin in the oxygen equilibrium is different 
from that for the carbon monoxide equilibrium (286, 287). Furthermore, 
there is a certain flexibility possible in the bond distance for hydrogen bond- 
ing, depending on the balance between the major resonance “‘species’’, that 
makes it difficult to understand how the relatively minor displacement of a 
water molecule by an oxygen molecule could effectively alter the water lat- 
tice energy over the entire blood pigment molecule [properties of the hydro- 
gen bond are reviewed in (99)j. In explaining the fact that combination of 
the ferrous iron in hemoglobin with oxygen does not lead to an oxidation to 
ferric iron, Wang, Nakahara & Fleischer (288) believe that the heme is lo- 
cated in a hydrophobic crevice; hence, although the water lattice in this re- 
gion may have some strength because of hydrogen bonding between water 
molecules, there would be no immediate point of alignment and attachment, 
such as would be provided by hydrophilic groups. Accordingly, changes in 
the water of hydration reflect the basic changes in molecular anatomy—the 
configurational changes. 

Configurational changes in proteins [‘‘transconformation” of Lumry & 
Eyring (289)] are not only characteristic for the function of respiratory pig- 
ments on a molecular level, but have recently been believed to be basic to 
osmoregulation and active transport (290); nerve conduction and synaptic 
transmission (291, 292); enzyme action (293); and muscle contraction (294). 
The theory of configurational change could prove to be a useful unifying con- 
cept for the role of many proteins in biological systems, for it provides the 
transducing mechanism for the conversion of chemical energy into mechani- 
cal, osmotic, and other forms of work in the living organism. 

Oxygen equilibrium—ecological considerations—The function of any 
particular oxygen-combining blood pigment can, as a first approximation, be 
considered either (a) as an oxygen store to be used only intermittently as a 
reserve supply of oxygen, or (b) as an oxygen-transporting device, regularly 
bringing oxygen from the organ of external respiration to the tissues and 
frequently carrying carbon dioxide in the reverse direction—or at least fa- 
cilitating its removal. Certainly all oxygen-combining pigments located in 
cells other than those circulating in the blood stream might be reasonably 
suspected of functioning as oxygen stores, even though it would be more pre- 
cise to emphasize that such tissue-located respiratory pigments facilitate the 
diffusion of oxygen because by combining with many of the entering oxygen 
molecules a steep oxygen partial pressure gradient is maintained at the 
boundary between the body fluid and the pigment-containing tissue. There- 
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fore, by functioning as an oxygen store tissue respiratory pigments not 
only provide a reserve of molecular oxygen but also speed up the total 
quantity of oxygen diffusing into the tissue per unit time, a matter of par- 
ticular importance to rhythmically contracting muscles. It is exactly in 
such structures as hearts, gizzards, and radular or other muscles engaged ‘in 
prolonged intermittent activity that the highest concentrations of myo- 
globin (muscle hemoglobin) are found, a fact emphasized by E. Ray Lankas- 
ter approximately 90 years ago (295). Other aspects of the function and 
properties of myoglobin are considered in the section on infraspecific spe- 
cificity. 

In many more or less vermiform animals there may be copious amounts 
of blood pigment, usually but not invariably present in corpuscles, circulat- 
ing in the main body cavity (pseudocoele, coelom, or hemocoele, as the case 
may be). Examples include: the pseudocoelic hemoglobin of a few parasitic 
nematodes (36); the coelomic hemoglobin of certain annelids, especially some 
of the larger glycerid polychaetes and the echiuroids—e.g., Urechis caupo; 
the coelomic hemoglobin of several species of holothurians (70); the coelomic 
hemerythrin of sipunculid worms (16); the pseudocoelic hemerythrin of 
priapulids (19); and the hemocoelic hemoglobins of a few lamellibranch 
molluscs, e.g., Anadara inflata. These blood pigments are usually considered 
as oxygen stores. Nevertheless, the regular movement of the coelomic fluids 
of some vermiform animals, either by cilia or by muscular movement, makes 
it possible that such body cavity blood pigments may have to some degree 
oxygen-transporting functions as well. Edmonds (296) has studied various 
aspects of the respiratory physiology of the sipunculid Dendrostomum 
cymodoceae; placed in an oxygen-free environment this animal uses up the 
oxygen bound to hemerythrin in 6 hr. although its anaerobic tolerance is so 
great that it can continue to live without oxygen for four or five days. Where 
these main body cavity blood pigments have been sufficiently studied, it ap- 
pears that they have a high oxygen affinity and no, or very small, Bohr ef- 
fect: nematode hemoglobins (36); Urechis caupo hemoglobin (16); sea cu- 
cumber Cucumaria miniata hemoglobin (70); coelomic hemerythrins of sev- 
eral species of sipunculid worms (16, 106, 278). In general, the interactions 
between oxygen-affine groups are rather small. However, completely hyper- 
bolic oxygen equilibrium curves were only observed for nematode hemo- 
globin and some but not all sipunculid hemerythrins. 

It is with the presence of the blood pigment in the circulatory system 
that the problem of oxygen transport vs. oxygen store comes to the fore. 
Most of the difficulty rests in the fact, pointed out by Lindroth (34), that 
blood gas transport pigments are frequently able to hold enough oxygen in 
proportion to the rather low metabolic rate to enable them to function as 
oxygen stores for several minutes or perhaps even longer. In addition, many 
invertebrates and some vertebrates have a sufficient recourse to anaerobic 
metabolism so that immediate dependence on blood gas transport does not 
show up—as it does for CO-poisoned mammals. In addition, besides anaero- 
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bic compensation there are also the possibilities of compensation involving 
the blood gas partial pressures, the circulation rate, and the efficiency of the 
organs of external respiration. Frogs have been known to survive for long 
periods of time without hemoglobin (62); yet the difference in the color of 
blood entering and leaving the skin, lungs, and other organs indicates that 
this pigment is normally being used in oxygen transport. 

Wald (297), reiterating his ideas more recently in conjunction with Allen 
(298), has emphasized that blood pigments participating in oxygen trans- 
port have three important biochemical properties: (a) a low oxygen affinity; 
(6) a sigmoid oxygen equilibrium curve—i.e., there are heme-heme interac- 
tions or their equivalent; and (c) a large normal (negative) Bohr effect at 
physiological pH’s. Wald (297) then proceeds to ignore a considerable seg- 
ment of comparative physiological literature and claims that no inverte- 
brate hemoglobin functions in blood gas transport. 

Lugworm Arenicola hemoglobin may have a high oxygen affinity and only 
a little Bohr effect (250), but actual measurements of metabolic rate and 
oxygen capacity of the blood of Arenicola ‘‘stranded”’ at low tide indicate 
that this pigment cannot function as an oxygen store (299). Undoubtedly its 
very sigmoid oxygen dissociation curve allows for oxygen transport under 
conditions of low ambient oxygen partial pressures and for release of the 
oxygen to the myoglobin of the body wall muscles. Lumbricus (earthworm) 
hemoglobin resembles Arenicola hemoglobin in its high oxygen affinity and 
its sigmoid oxygen equilibrium curve (188); the pigment possesses a mod- 
erate Bohr effect (189). Lumbricus hemoglobin is also used in oxygen trans- 
port (7); although Lumbricus differs from Arenicola in that the gradient of 
oxygen across the organ of external respiration is much greater, the net result 
is the same—oxygen transport at low internal oxygen partial pressures, 
judged both by the CO-poisoning experiments and observations on living 
animals. Lumbricus respires primarily through the unspecialized epithelium; 
Arenicola has several pairs of profuse parapodial branchiae, the size of which 
varies inversely as to the oxygen content of the environment. In contrast, 
hemoglobin of the polychaete Nephthys hombergii has a relatively low oxygen 
affinity and an almost hyperbolic oxygen equilibrium curve (300). It is be- 
lieved that in this errant polychaete which burrows through the substratum, 
the hemoglobin is functional only when the tide is ‘‘in’’. An annelid hemo- 
globin of even lower oxygen affinity is that of an intertidal terebellid poly- 
chaete tentatively identified as Eupolymnia crescentis (189). Eupolymnia 
hemoglobin has a p59 of 36 mm. Hg at a physiological 10°C., a hyperbolic 
oxygen equilibrium curve, and no Bohr effect. Sabella chlorocruorin also has 
a low oxygen affinity, although it also has some Bohr effect and chlorocruoro- 
heme interactions (279). However, such properties are exactly what would 
be phylogenetically tolerated in a pigment that: (a) functioned only when the 
tide was “‘in’’ with respect to the animal, for the oxygen partial pressure of 
sea water is about the same as that of air and is relatively constant; and (6) 











COMPARATIVE PHYSIOLOGY: BLOOD PIGMENTS 217 


was located in a circulatory system which flowed into numerous thin-walled 
branchiae located at the anterior end of the animal and around which sea- 
water passed, in the case of terebellids as the result of peristaltic movements 
of the body wall. 

Hence, in the annelid worms alone one finds that there is a large variation 
in the physiological properties of the extracellular vascular hemoglobin, al- 
though each set of physiological properties can be correlated with the ecology 
and physiology of the animal to some degree. Experiments on CO-poisoning 
of other annelid hemoglobins are also best interpreted in terms of oxygen 
transport (7, 189; see also 301 to 305). What has led to confusion in the past 
has been failure to recognize two extremes in the type of oxygen transport 
by the blood. (a) The familiar oxygen transport at high internal oxygen par- 
tial pressures, where a definite ‘‘critical venous pO,’’ must be met for at 
least some of the tissues—e.g. in birds and mammals, some cephalopods 
(Loligo and Sepia, possibly also in Octopus), and some fishes (mackerel and 
trout). It is very likely that such a condition is characteristic of the above- 
discussed Nephthys and Eupolymnia, and the chlorocruorin-containing 
polychaetes Sabella and Spirographis [based on data in (302, 306)]. (b) Oxy- 
gen transport at low internal pO,’s, where there is sufficient anaerobic metab- 
olism present and tolerated so that the oxygen partial pressure of blood 
leaving the tissues can be very small or essentially zero—e.g. in oligochaetes 
such as Tubifex and Lumbricus; polychaetes such as Arenicola; and in the 
hagfish and, to a less extreme degree, in some other species of fishes and 
elasmobranchs. Data on the often very low pOy’s of venous fish blood are re- 
viewed in Black (307); resting Squalus suckleyi (spiny dogfish) had venous 
oxygen pO,’s ranging from almost zero to 5 mm. Hg (249). 

Wald’s (297) concepts of blood gas transport are not even valid in all 
vertebrates. Observations on living hagfish were attended with considerable 
technical difficulty but tended to show that the venous oxygen partial pres- 
sures were close to zero and that the arterial oxygen pO.’s corresponded to 
only approximately 50% oxygenation of the hemoglobin. From a knowledge 
of the oxygen dissociation curves for erythrocyte suspensions the arterial 
pO2’s were equivalent to, at the most, 4 to 6 mm. Hg (276). Such an observa- 
tion may explain why chis vertebrate is able to tolerate phylogenetically— 
or is actually requiring—hemoglobin that violates all three of Wald’s previ- 
ously mentioned characteristics of oxygen transport blood pigments, for hag- 
fish Polistotrema stoutt hemoglobin has: (a) what is probably the highest oxy- 
gen affinity of any known vertebrate hemoglobin; (5) no Bohr effect at physi- 
ological pH’s; and (c) a perfectly hyperbolic oxygen equilibrium curve—as 
might be expected on the basis of the 17-20 X 10 molecular weight of cyclo- 
stome hemoglobins. It should be emphasized that these studies on hagfish 
hemoglobin were done on both hemoglobin in prepared solution and hemo- 
globin in the erythrocyte—in contrast to all too many studies made only on 
hemoglobin in solution upon which physiological conclusions are deduced. 
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For these hagfish studies this precaution was of little significance; however, 
such is not always the case for other vertebrates—notably teleost fishes and, 
as will be discussed later, the garter snake. 

Oxygen transport at low internal pO2’s could be the result of some com- 
bination of: (a) existence of a large gradient of oxygen partial pressure across 
the epithelium of the organ of external respiration—i.e., a large barrier to 
diffusion of oxygen; (b) intolerance to high internal oxygen activities—i.e.. 
susceptibility to ‘oxygen poisoning’’ even at atmospheric pO,’s; (c) extensive 
anaerobic tolerance by the tissues; and (d) living in an oxygen-deficient en- 
vironment. The concept of a blood pigment functioning as an “oxygen buffer”’ 
in protecting the tissues from high oxygen pOy’s is supported by the following 
evidence. (a) Fox & Taylor (308) found that such hemoglobin-containing 
forms as Tubifex, Planorbis, Chironomus, and Arenicola grow better and live 
longer in 4 per cent oxygen than in air (21% O:). Yet, evidence favors the 
idea that the hemoglobin functions in blood gas transport, along with pos- 
sible minor storage capabilities, in all of these species—reviewed in Eliassen 
(7); see also additional evidence for oxygen transport by hemoglobin in 
chironomids (309) and in Arenicola (299). Limnaea, a non-hemoglobin-con- 
taining pulmonate gastropod closely related to Planorbis, was found by Fox 
& Taylor to be unaffected by even 100 per cent oxygen, although adversely 
affected by only 4 per cent. (b) The oxygen consumption rate of Planorbis is 
only one-half that of its non-hemoglobin-containing relative Limmnaea (310). 
Comparisons of different species of oligochaetes (301) and chironomids (311) 
indicate that hemoglobin-containing forms have a lower oxygen consump- 
tion rate than their non-hemoglobin-containing relations of equal size. Speci- 
mens of the marine lamellibranch Glycimeris nummaria vary greatly as to 
the hemoglobin concentration of the hemocoelic fluid; yet clams with the 
highest hemoglobin concentrations have the lowest oxygen consumption 
rates (312). (c) Exposure of some invertebrates—notably, again, Arenicola, 
Tubifex, and adult Planorbis—to low ambient pO’s fails to evoke an increase 
in hemoglobin concentration (32). (d) The presence of CO may have anom- 
alous effects—or lack of effects—on the respiration rate of certain hemo- 
globin-containing invertebrates (1, 33). 

Carbon monoxide poisoning effects indicate oxygen transport by hemo- 
globin in such small crustaceans as Artemia (237) and various species of 
daphnids (235). Fox (313) found that the internal oxygen partial pressures 
of several species of small crustaceans are quite low; hence, in these forms 
there is also blood gas transport at low internal oxygen tensions, possibly as 
a result of living in a hypertonic (Artemia) or hypotonic (other entomostracan 
crustaceans) environment which poses osmotic problems solved not only by 
increased development of excretory organs but also by decreased permeabil- 
ity of the exoskeleton. With regard to crustaceans the work of Redmond 
(314) is particularly significant; he has shown that in such marine decapods 
as the spiny lobster Panulirus interruptus, the sheep crab Loxorhynchus 
grandis, and the intertidal shore crab Pachygrapsus crassipes, the internal 
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pO.’s are extremely low—at the highest, about 12 mm. Hg. Redmond’s 
studies indicate that a blood pigment can be present in such small concentra- 
tions as only to triple the total oxygen capacity of the blood when compared 
with sea water and yet be responsible for almost all of the oxygen transported 
by the blood. However, Zuckerkandl has shown that the arterial pO,’s for 
blood from the spider crab Maia squinado range from 40 to 130 mm. Hg, al- 
though the highest values were observed for inter-moult crabs which have no 
hemocyanin (315). 

Of course, under conditions of a low venous oxygen partial pressure the 
shape of the oxygen equilibrium curve and the presence of a normal Bohr 
effect are not necessary to account for unloading of O2 to the tissues. On the 
other hand, if (a) a large pO. gradient must exist across the barrier separating 
the blood from the ambient oxygen source or (b) the ambient pO, is low, the 
presence of a normal Bohr effect could result in a decrease in the ability of the 
blood to pick up sufficient oxygen in the organ of external respiration and 
still maintain a low internal pO2. Such a situation would be particularly ag- 
gravated by a rise in the external pCOs, which usually accompanies a fall in 
the ambient pO. Under these last-named conditions one could understand 
the importance of the absence of a Bohr effect—or even the presence of a 
reverse (positive) Bohr effect at physiological pH’s (70). It is of interest that 
the hemoglobin of Planorbis possesses a reverse Bohr effect under certain 
conditions (281). Reverse Bohr effects at physiological pH’s are known for 
the coclomic hemoglobin of the polychaete Nephthys hombergit (300) and for 
hemocoelic hemocyanin of Limulus and Busycon (10). McCutcheon (316) 
correctly emphasized the significance of the absence of the Bohr effect in 
tadpole bullfrog hemoglobin as being an adaptation to life in an environment 
of variable CO2 and O, tensions; hence, in the tadpole the loading pO: of the 
blood is more significant than the unloading pO. Subsequent to Mc- 
Cutcheon’s studies it was shown that several other blood pigments lack Bohr 
effects (reviewed in the section on equilibria and kinetics of the reactions 
with oxygen and other ligands). Fish (317) has noted that hemoglobin of 
teleosts living in the oxygen-deficient, carbon-dioxide-rich waters of certain 
Uganda lakes has a small Bohr effect. Beadle (318) has studied the respira- 
tory physiology of the Ugandan swamp-worm Alma eminzi; this oligochaete 
lives in a markedly reducing environment with occasional contact with oxy- 
gen; its vascular hemoglobin has an extremely high oxygen affinity and a 
negligible Bohr effect. However, Alma is another example of a form that, 
despite the presence of hemoglobin, has considerable anaerobic tolerance; in 
fact, in laboratory cultures Alma lived entirely anaerobically for an indefi- 
nite time. 

Gaumer & Goodnight (319) have shown that more active turtles—e.g., 
the snapping turtle Chelydra—have a sigmoid oxygen equilibrium curve, 
whereas the less active ones—e.g. the terrapin Terrapene carolina—have an 
almost hyperbolic curve. This is an interesting addition to the numerous 
studies of McCutcheon and Hall (1) indicating that some correlation exists 
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between the general degree of activity of a vertebrate and the shape of the 
oxygen dissociation curve. Riggs & Tyler (320) have found that smaller mam- 
mals—e.g., mouse—have larger Bohr effects than bigger mammals—e.g., 
elephant; Riggs (269) has shown this to be correlated with the number of 
—SH groups per molecule. Schmidt-Nielsen & Larimer (321) have shown 
that at a pCO» of 40 mm. Hg, oxygen equilibrium curves for small mammals 
lie far to the right of those for large mammals. Table 58 in Prosser’s (1) re- 
view indicates that there are only adequate data on the internal pCO, for 
man out of all the various mammals; hence, since Schmidt-Neilsen & 
Larimer’s studies were all done at pCO, of 40 mm. Hg, which is character- 
istic of the arterial pCO: of the human, it is entirely possible the observed 
trend in oxygen affinity may net be entirely significant with regard to the 
actual in vivo location of the oxygen equilibrium curve. Foreman (322), using 
dilute hemoglobin solutions, found only a slight correlation between oxygen 
affinity of hemoglobin and body size in mammals; however, as hemolysis 
alters the oxygen equilibrium of the hemoglobin of various animals differ- 
ently, Foreman’s studies do not contradict the more positive results of 
Schmidt-Neilsen & Larimer. 

It has been the opinion of many that the Bohr and Root effects of teleost 
fish hemoglobin are involved in the filling of the swim-bladder with oxygen 
(323). However, Scholander & Dam (252), studying the oxygen equilibrium 
at high oxygen partial pressures (up to 140 atm.) of the blood of several dif- 
ferent species of deep-sea fishes, claimed that the Root effect could not ac- 
count for the oxygen secretion observed in these forms, some of which live at 
depths of several hundred meters. However, Scholander & Dam based their 
claim on an equilibrium interpretation of the Root effect. The flow of blood 
through the rete mirabile in these fishes does not represent an equilibrium 
picture; studies need to be made on the kinetics of the dissociation and asso- 
ciation of fish hemoglobins with oxygen. If the Root effect is of no importance 
in oxygen secretion into the teleost swim-bladder, then it is surprising that 
the erythrocyte modifies the oxygen equilibrium of several fish hemoglobins 
(Tautoga onitis, Sebastodes ruberrimus) so that the Root effect is moved one 
entire pH unit into the physiologically potential pH range (9, 283); these 
species have a swim-bladder. On the other hand, the clingfish Gobiesox mae- 
andricus has a hemoglobin that lacks a Root effect, and the cabezone Scor- 
paenichthys marmoratus has a hemoglobin whose Root effect is markedly 
suppressed by the erythrocyte (9); neither of these species possesses a swim- 
bladder. In fact, postlarval Scorpaenichthys, which in contrast to the adults 
do possess a swim-bladder, have a biochemically different hemoglobin (324). 

The emphasis on kinetic, rather than equilibrium, interpretations of the 
behavior of hemoglobin in respiratory function is justified by studies of 
Gibson et al. (325); the surface membrane of the erythrocyte is such a limit- 
ing factor in the association of oxygen with hemoglobin that it limits slightly 
but definitely the over-all uptake of oxygen by blood passing through the 
lungs. In contrast to previous ideas the biconcave shape of most mammalian 
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erythrocytes is of no importance with regard to the uptake of oxygen by the 
hemoglobin (326); instead, the peculiar shape is an adaptation that lowers 
the blood viscosity (327). The author has found biconcave erythrocytes in 
the coelom of a small glycerid polychaete worm. 

In summary with regard to ecological and physiological aspects of the 
equilibrium of blood pigments with oxygen the following can be said. (a) 
Hemoglobin or hemerythrin found in the main body cavity of certain animals 
has primarily a function in oxygen storage. (b) While oxygen storage is basic- 
ally the function of oxygen-combining pigments located in tissues, the signifi- 
cant aspect of this is the ability of the pigment to accept into chemical com- 
bination most of the inward-diffusing oxygen molecules, thereby maintaining 
a steep gradient and, thus, resulting in a rapid net movement of oxygen into 
the tissue. This may be an adaptation correlated with the scarcity (or com- 
plete lack?) of active transport mechanisms for molecular oxygen. (c) The 
gamut of blood gas transport is very large. Hemoglobin functions in oxygen 
transport in the blood of many invertebrates—in contrast to statements of 
Wald (297). The situation is further complicated by the marginal depend- 
ence of some invertebrates—and frogs—on their blood pigments. As Lindroth 
(34) and Eliassen (7) emphasize, many oxygen transport blood pigments in 
invertebrates have secondary functions as oxygen stores. However, the 
length of time that the stored oxygen would allow the maintenance of the 
same level of aerobic metabolism under unfavorable environmental condi- 
tions is often a small fraction of the total time the animal can easily tolerate 
anaerobic metabolism. Many invertebrates have activity cycles; during the 
active phase the blood pigment functions in oxygen transport; during the 
inactive phase, at least at the beginning, the pigment unloads the oxygen 
and is thus functioning as a store. Actually, a storage role of some signifi- 
cance applies to the blood and muscle hemoglobin of diving birds and mam- 
mals, in which a reasonable fraction of the aerobic metabolism continues in 
certain organs during the dive. Yet another important factor in understand- 
ing blood pigment function is the fact that blood gas transport takes place 
over a wide range of different internal oxygen partial pressures in different 
animals. Only under conditions of blood gas transport at high internal pO.’s 
can one expect—and find—that the blood pigment has the three biochemical 
properties emphasized by Wald (297): low oxygen affinity, sigmoid oxygen 
equilibrium curve, and strong Bohr effect. Several examples have been cited 
of blood oxygen transport at low internal pO,’s; in some cases this is corre- 
lated with a marked susceptibility to ‘‘oxygen poisoning”’; in these forms the 
hemoglobin is functioning as an ‘‘oxygen buffer’’, allowing transport of suffi- 
cient quantities of oxygen but keeping the activity (in a thermodynamic 
sense) of the gas to a minimum. 

There is one other new concept to be added to the matter of respiratory 
pigment function: the oxygen transfer system. As this involves protein 
heterogeneity within the individual organism, this is best treated in the fol- 
lowing section on infraspecific specificity. 
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THE SPECIFICITY OF THE BLOoD PIGMENTS: AT THE INFRASPECIFIC LEVEL 


Not all the blood pigment molecules of any particular individual of a 
given species are the same. Heterogeneity is usually detected by zone or mov- 
ing-boundary electrophoresis, chromatography on ion-exchange resins or 
alumina, determination of the solubility curve, differential susceptibility to 
denaturation, or—especially in the case of the hemocyanins—by ultracen- 
trifugal behavior (139, 328). Biochemically detectable heterogeneity in the 
blood pigments can be associated with: (a) ontogenetically distinct changes 
in protein synthesis—i.e., the fetal and adult hemoglobins of mammals; (b) 
tissue location or origin of the respiratory pigment—i.e., blood hemoglobin 
as opposed to muscle hemoglobin (myoglobin), hemoglobin synthesized in 
the bone marrow as opposed to hemoglobin synthesized in the spleen; (c) 
differences in alleles governing protein synthesis—i.e., the abnormal human 
hemeglobins; and (d) differences in the chemical state of what is basically 
the same molecular species. This last-named category can be the result of 
many factors—i.e., (a) presence of the oxidized form of the blood pigment— 
e.g., methemoglobin (329, 330); (b) differences in the age of the molecules 
(331, 332); (c) chemical combination with lipids (333), stromatin (334, 335), 
or serum proteins (336, 337); and (d) the result of the experimental tech- 
nique itself: electrophoresis (338, 339); chromatography on aluminum hy- 
droxide (340); and solubility behavior (328; see also, however, 341, 342). The 
presence of heterogeneity associated with a mixture of methemoglobin and 
carbon monoxide hemoglobin has provided the first discrete physical evi- 
dence for intermediate compounds in the reactions of mammalian hemo- 
globins (343, 344). 

In many cases it is not known in what category the observed hetero- 
geneity belongs, and frequently there is lack of agreement between the results 
of different techniques—or between different workers using the same tech- 
nique [see Table 1 in Manwell (9)]. Among the peculiar results that have 
turned up in the field of hemoglobin heterogeneity is the following observa- 
tion. Several workers have found up to four electrophoretically separable 
components in normal human adult hemoglobin (Hb A), some of which vary 
in quantity in thalassemia and other hematologic conditions (194, 331, 342, 
345 to 347). Nevertheless, human globin is electrophoretically homogeneous 
(81, 348); and, on the basis of the number of arginine and lysine residues, 
together with the well-known bisymmetry of the human hemoglobin mole- 
cule, one finds about 30 peptides using the tryptic digestion ‘‘fingerprint’”’ 
technique of Ingram (153), which is exactly the result to be expected if all 
HbA molecules had essentially the same primary structure. 

Ontogenetic changes in the blood pigments.—Barcroft’s monograph on pre- 
natal physiology (349) has been followed by the more biochemical reviews of 
Betke (350) and Padieu (351). White & Beaven (352) have recently reviewed 
this subject but have treated only a small portion of the comparative aspects. 
As to the differences between adult and fetal mammalian—primarily hu- 











COMPARATIVE PHYSIOLOGY: BLOOD PIGMENTS 223 


man—hemoglobins that have been mentioned in these reviews, some of the 
results that have been obtained in the last five years are enumerated: (a) 
electrophoresis of cow, human, and pig hemoglobins (353 to 356); (b) chro- 
matography of human hemoglobins (357, 358; see also 359); (c) alkaline 
denaturation of human and rat hemoglobins (9, 360, 361); (d) rate of oxida- 
tion of cow and human hemoglobins (197 to 199, 362); (e) amino acid analysis 
of human and cow hemoglobins (363 to 370); (f) solubility of cow, human, 
and sheep hemoglobins (342; see also 371); (g) immunological specificity of 
human hemoglobins (372 to 374); (h) relative affinity for alkyl isocyanides 
by cow hemoglobins (110)—not demonstrable in the combination of sheep 
hemoglobins with carbon monoxide (375). Particularly, interesting is the 
very recent demonstration by Hunt (376) that human fetal hemoglobin 
differs from human adult hemoglobin only in one of the two polypeptide 
chains that comprise the 34,000 molecular weight asymmetric unit. 

The important functional difference between adult and fetal mammalian 
hemoglobins is the higher oxygen affinity of the latter (349; see also 9, 141, 
377 to 379). Except for the human, this higher oxygen affinity of fetal hemo- 
globin is manifested when the comparisons are made of the hemoglobins 
either in prepared solutions or in the cell—under, of course, identical condi- 
tions of pH, ionic strength, and temperature. The difference in the oxygen 
dissociation curves of maternal and fetal blood is termed the “‘fetal-maternal 
shift’’; in some mammals—e.g., the goat—it is amplified by the pregnancy 
acidosis of the mother (349); however, Kaiser & Cummings (380, 381) ob- 
tained pH’s of the maternal blood for both sheep and goats that were around 
7.38 or higher, whereas the pH of the fetal blood was almost a tenth of a pH 
unit more acid. In the human, when the bloods are studied the fetal oxygen 
dissociation curve lies slightly to the left of that for the mother (382; see also 
383). Upon hemolysis the fetal curve is almost unchanged in position whereas 
the adult curve is shifted so far to the left that the relationship between the 
two curves is the opposite to that seen for whole blood (350, 382). However, 
upon dialysis of the adult and fetal human hemoglobins against a common 
medium, the oxygen equilibria become identical according to Allen, Wyman 
& Smith (384). Nevertheless, the author (265) has prepared ‘‘ion-equalized”’ 
samples of Hb A and Hb F by three different ways, including that used by 
Allen, Wyman & Smith, and found that the oxygen equilibria of the two 
hemoglobins are approximately the same only at pH’s greater than 7; below 
that value human fetal hemoglobin has a much lower oxygen affinity. De- 
spite the small size of the ‘‘fetal-maternal shift” in the human, the presence 
of fetal hemoglobin must be of some significance to the fetus; for in newborn 
infants delivered of mothers with chronic lowered blood oxygen content, the 
Hb F concentrations were proportionately higher than in infants born under 
normal conditions (385; see also 386). Several adult mammals submitted to 
low oxygen tensions synthesize a high affinity hemoglobin which is probably 
a fetal hemoglobin (210); in some but not all hematologic conditions adult 
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humans synthesize appreciable quantities of Hb, F, especially in thalas- 
semia (342, 387); nevertheless, prolonged residence at high altitudes does 
not shift the adult human oxygen equilibrium curve to the left (211). 

In mammals not only the blood hemoglobin but also the muscle hemo- 
globin may change during development. Ontogenetic changes in the myo- 
globin of humans has been shown by spectrophotometric and electrophoretic 
studies (388). Small differences in the alkaline denaturation behavior and the 
solubility (389), and the absorption spectra (390) of fetal and adult cow myo- 
globins indicate the possibility that these are distinct proteins; however, 
amino acid analyses of both proteins are so similar that it is not yet possible 
to tell if these myoglobins differ at the level of primary protein structure 
(370). 

Besides Hb F, there is an “‘early fetal’’ hemoglobin present during the 
first few weeks of the development of the human embryo (391 to 394). An 
ontogenetic sequence of three hemoglobins is known also for the goat (395, 
396). 

Oxygen equilibria (397, 398) and immunological behavior (399) indicate 
that the chicken has a distinct fetal hemoglobin. Electrophoretic studies by 
Johnson & Dunlap (400) and Saha (401) indicate, however, that two hemo- 
globin components are present in chicken erythrocytes at all ages with only 
a slight change in relative quantities occurring during development. In addi- 
tion, the two studies on the oxygen equilibria do not agree; Hall (397) showed 
that the position, but not the shape, of the oxygen equilibrium curve of 
chick hemoglobin shifted during ontogeny; Saha (398) found that the only 
change in the oxygen equilibrium curve was from hyperbolic to sigmoid 
during the same embryological period that Hall studied. Fetal chicken hemo- 
globin is more alkaline resistant than adult chicken hemoglobin [(402); 
Manwell, unpublished studies]. 

Tadpole hemoglobin is distinct from that of the adult on the basis of 
electrophoretic studies on the hemoglobins of Rana clamitans (190) and on 
the basis of oxygen equilibrium studies on the hemoglobins of bullfrog Rana 
catesbiana (140, 316). Particularly striking is the absence of a Bohr effect in 
tadpole hemoglobin; this probably represents an adaptation to low ambient 
oxygen and high carbon dioxide partial pressures (316). 

Oxygen equilibrium studies by McCutcheon (403) indicate that the ter- 
rapin Malaclemys centrata has an ontogenetic sequence of three hemoglobins: 
fetal, juvenile, and adult. However, he was unable to find any difference in 
the hemoglobin of adult and late fetal viviparous rays of the genera Dasyatis 
and Pteroplatea. Manwell (324) has found on the basis of alkaline denatura- 
tion separate postlarval and adult hemoglobins in the marine teleost fish 
Scorpaenichthys marmoratus. In addition, a transient embryonic hemoglobin 
was found in the oviparous skate Raja binoculata (274); the relatively brief 
duration of embryonic skate hemoglobin is correlated with the fact that the 
skate egg is truly cleidoic only for the first few months of development. The 
spiny dogfish Squalus suckleyi, whose 23-month gestation period is probably 
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the longest of any living vertebrate, has a distinct fetal hemoglobin on the 
basis of alkaline denaturation and oxygen equilibrium studies (249); the 
higher oxygen affinity of fetal Squalus hemoglobin means that there is a 
“fetal-maternal shift’”’ in this rather primitive ovoviviparous vertebrate— 
just as there is in all the euplacental mammals that have been sufficiently 
studied. The California smooth dogfish Mustelus also has distinct fetal and 
adult hemoglobins; the fetal hemoglobin, like the human hemoglobins, is 
apparently unaffected by toluene hemolysis; however, this frequently used 
method of hemoglobin preparation results in almost immediate denaturation 
and oxidation to methemoglobin on the part of the adult hemoglobin (Man- 
well, unpublished studies). In contrast to Squalus suckleyi, Mustelus cali- 
fornicus has true viviparity and a placenta. 

A situation reminiscent to some degree of that concerning the “‘fetal- 
maternal shift” in the human is found in garter snakes of the genus Thamno- 
phis. Oxygen equilibrium and alkaline denaturation studies of fetal and adult 
garter snake hemoglobins in prepared solution indicate that these proteins 
are very similar if not identical (9, 404) ; yet oxygen equilibria of erythrocytes 
determined in two different ways indicate that in Thamnophis elegans var. 
vagrans there is a ‘‘fetal-maternal shift’’ as large as that found in any mam- 
mal. Similar results were found for Thamnophis sirtalis, although the ‘‘fetal- 
maternal shift’ is only about half as large in this closely related species. 
Studies on the Bohr effect of fetal and adult garter snake hemoglobins indi- 
cate that a difference in hydrogen-ion concentration inside fetal and adult 
cells cannot explain these results. The fact that fetal garter snake cells are 
considerably more easily hemolyzed renders comparisons difficult; however, 
this difference may be indicative of a structural involvement of the hemo- 
globin in the adult erythrocyte that is not present in the fetal one. Polaro- 
graphic studies* on erythrocytes from adult and fetal Thamnophis sirtalis, 
using the ‘‘time-delay”’ technique of Baumberger (405), also indicate that 
the ‘‘fetal-maternal shift’ is present when the blood is used and that addition 
of a small amount of saponin (to effect hemolysis) abolishes the difference 
between the hemoglobins. If the fetal and adult garter snake hemoglobins 
are identical proteins—and more criteria besides alkaline denaturation and 
oxygen equilibria must be used before this is settled, then the difference in 
the oxygen equilibria inside the erythrocyte implies a difference in the intra- 
cellular environment of the hemoglobin in adult and in fetal red blood cells. 

Electrophoretic studies indicate that the ammocoetes larva has a different 
hemoglobin from the adult lamprey (406). This adds further weight to the 
author's suggestion (274) that ontogenetic changes in hemoglobin synthesis 
are basic to many vertebrates and their presence in oviparous forms, while 
of ecological significance per se, has also made possible the ready develop- 


3 The author wishes to thank Dr. J. P. Baumberger and K. Bardwell of the De- 
partment of Physiology, Stanford University, for instruction and assistance in the 
application of the polarographic technique to this problem. 
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ment of the “‘fetal-maternal shift’ necessary for fetal respiration in ovovi- 
viparous and viviparous forms. 

Another type of ontogenetic change is the seasonal one observed in the 
bullfrog Rana catesbiana (407), which will be discussed in the next section. 
Seasonal changes have also been observed for the oxygen equilibrium of 
hemoglobin of the lugworm Arenicola marina (408). Hibernation (or estiva- 
tion) causes a change in the molecular weight (409) and the oxygen equilib- 
rium (284) of the hemocyanin of the edible snail Helix pomatia. For these 
invertebrates it remains to be seen if the effect is the result of changes in ion 
composition or in actual blood pigment synthesis; in Helix pomatia hiberna- 
tion is accompanied by an increase in the concentration of various ions in the 
blood, including magnesium ion (410); it is well-known that changes in the 
ionic environment result in changes in the sedimentation constants of hemo- 
cyanins (139). 

Differences as a result of the histological location or origin of oxygen-com- 
bining pigments.——In various mammals it is well known that myoglobin 
differs from blood hemoglobin in a variety of ways (2, 6; see also 411 to 413). 
Recently differences have been shown between these proteins at the level of 
primary structure in the sheep (414), human (415), and horse (173). Effect 
of prolonged activity on the myoglobin content of mammalian muscle is 
discussed by Lawrie (416, 417). Perkoff & Tyler (418) discuss means for iso- 
lating myoglobin and give the concentrations found in the muscles of several 
mammals. In diving birds and mammals the myoglobin concentration is 
exceptionally high, up to 8 per cent of the muscle weight (419); however, the 
muscles of the sea cow and small alligators, both diving vertebrates, are 
quite pale in color. Turtle myoglobin has been investigated by Korzheuv & 
Kruglova (420) and by Renard (421); myoglobin of the terrapin Pseudemys 
scripta has a slightly higher solubility in concentrated ammonium sulfate 
solutions and a lower relative affinity for CO than the blood hemoglobin 
(author, unpublished experiments). For the marine fish Makaira mitsukurit, 
myoglobin and hemoglobin have quite different solubility characteristics 
according to Matsuura & Hashimoto (54); these workers have also differ- 
entiated electrophoretically muscle and blood hemoglobins in Parathunnus 
sibi (55). Braekkan (44) claims that the presence of myoglobin in the super- 
ficial lateral muscle bands of many fishes is correlated with some function 
other than muscular work. 

In certain invertebrates the difference between blood and muscle respira- 
tory pigments is far greater. The annelid worm Potamilla has chlorocruorin 
in its blood, but myoglobin in its muscles (21). Chitons (Amphineura), and 
prosobranch and aquatic pulmonate gastropods have myoglobin in the 
radular muscles, although with the exception of Planorbis the blood contains 
hemocyanin (13; see also 422). Heart muscles of these molluscs have ex- 
tremely small amounts of myoglobin, if any. Otherwise, the correlation be- 
tween prolonged rhythmic activity and myoglobin is found in molluscs as 
well; the sea hares Tethys and Aplysia feed almost continually on certain 
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larger sea-weeds; these tectibranchs have myoglobin in the buccal muscle 
mass, which is involved in tearing off pieces of algae, and in the gastric mus- 
cles, which finish the triturative process by grinding the algae with enzyme- 
containing gastric teeth [(137, 423); the author, unpublished experiments]. 
Yet, the related carnivorous tectibranch Navanax inermis has no myoglobin 
in its powerful pharyngeal muscles, used only a few times a day to engulf and 
swallow prey almost its own size. The oxygen equilibrium curve of Aplysia 
(424) and related tectibranch Bulla (Manwell, unpublished) myoglobin is 
hyperbolic as is that of various mammalian myoglobins (107). However, 
transient heme-heme interactions were observed in Cryptochiton stelleri 
radular myoglobin (13); further experiments by the author indicate very 
small (1.1 <n <1.4) interactions in radular myoglobin from the chiton Isch- 
nochiton and the prosobranch Fusitriton,. 

Ascaris has different hemoglobins in the body wall and in the pseudocoele 
(425). The polychaete Nephthys hombergii has a coelomic hemoglobin with a 
reverse Bohr effect and a vascular hemoglobin with a normal Bohr effect 
(300). The author (unpublished) has found in the sipunculid worm Dendrosto- 
mum zostericolum that the hemerythrin from the coelom can be distinguished 
from the hemerythrin of the vascular system on the basis of oxygen equilib- 
rium, rate of oxidation to methemerythrin, and ease of denaturation. In 
many of these cases the studies indicate that where two different types of 
respiratory pigments are juxtaposed the one that normally gives up oxygen 
to the other has the lower oxygen affinity. This situation is termed an oxygen 
transfer system (13). Thus, the function of fetal hemoglobin in mammals and 
in other viviparous vertebrates, myoglobin in the mammal and in the mol- 
lusc, and coelomic hemerythrin in the sipunculid Dendrostomum is the same, 
to facilitate the movement of oxygen. The very high oxygen affinities of 
parasitic nematode hemoglobin suggest that this pigment is able to aid pas- 
sively the diffusion of oxygen from host tissue (36); however, Ascaris pseudo- 
coelic hemoglobin holds onto its oxygen so tightly that in worms kept an- 
aerobic for days the pigment still does not become deoxygenated. In such 
cases the pigment may be functioning to keep the tissues at low pO.’s. The 
significance of the difference between the oxygen-binding properties of the 
blood and coelomic hemoglobins of Nephthys hombergii is unknown (300). 

By splenectomizing bullfrogs McCutcheon (407) showed that the bone 
marrow synthesizes a hemoglobin with a lower oxygen affinity than does the 
spleen. Normally the spleen is most active erythropoietically in autumn and 
winter in preparation for hibernation of the bullfrog in the mud at the bot- 
tom of ponds. On the other hand, the bone marrow is most active in the spring 
when its low affinity for oxygen is of significance in oxygen transport under 
conditions of atmospheric ambient oxygen tensions. Kirberger (426) found 
that the oxygen equilibrium curve of cold-adapted trogs (Rana esculenta) 
was shifted to the right of that for warm-adapted frogs when the bloods were 
analyzed under comparable conditions. It is not known if this change in the 
oxygen equilibrium curve, which appears to be the reverse of the results ob- 
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served by McCutcheon, reflects a change in the type of hemoglobin synthe- 
sized. 

McCutcheon’s (407) studies on the bullfrog are not the only ones that 
suggest a correlation between biochemical type of hemoglobin synthesized 
and a particular erythropcietic center. Drescher & Kiinzer (391) and Hal- 
brecht & Klibanski (392) have found evidence for an “‘early fetal’’ hemo- 
globin in normal human development that is distinct from Hb F. Allison 
(396) has proposed that this ‘‘primitive’” hemoglobin be called Hb P. Kiinzer 
(427) has suggested that the three ontogenetically distinct hemoglobins of 
the human are synthesized in the three different erythropoietic phases—Hb P 
in the mesoblastic, Hb F in the hepatic, and Hb A—or S, C, D, E, and very 
likely the other abnormal hemoglobins—in the medullary phase. In the bull- 
frog tadpole, hemoglobin is synthesized in the mesonephros whereas spleen 
and bone marrow synthesize still different hemoglobins in the adult (407). 

One requirement for this theory of biochemically distinct hemoglobins 
from histologically distinct erythropoietic centers is that Hb P, Hb F, and 
Hb A (or Hb S) be in separate erythrocytes. Although there is considerable 
evidence for the occurrence of Hb A and F in separate erythrocytes (428, 
429; see also 430), Hb F and Hb S have been observed in the same cell (431). 
The synthesis of fetal hemoglobin in the human is distinct from that of the 
adult, for the genes responsible for the production of the abnormal hemo- 
globins S, C, and E do not appear to alter the properties of Hb F (3); simi- 
larly, myoglobin from sickle cell anemics is indistinguishable from myoglobin 
of normals (432). Myoglobin from sheep which are homozygous for different 
blood hemoglobin types is also unchanged (414). Nevertheless, the recent 
results of Hunt (376), indicating the identity of one of the two polypeptide 
chains in Hb F with that of Hb A, indicate that the separate gene for Hb F 
may only synthesize half of the molecule. If this is true, then abnormal adult 
hemoglobins that have biochemical differences residing in the a- rather than 
the 6-chain will be paralleled by abnormal fetal hemoglobins, in contrast to 
the situation for Hb S, C, and E. Several workers have very recently found 
evidence for abnormal fetal hemoglobins [see, e.g. (433, 434)]. 

It appears that the evolution for infraspecific differences in oxygen-com- 
bining pigments located in different regions of the same individual organism 
is the result of selection in favor of oxygen-transfer systems. Such specializa- 
tions may be of significance with regard to progressive muscular dystrophy 
in which a marked decrease in the myoglobin content of skeletal muscles is 
one of the first symptoms (435). Electrophoretically, myoglobin from dys- 
trophic muscle is not distinguishable from myoglobin from normal muscle, 
both in humans and in mice (436); nevertheless, the proteins may still be 
distinct, for even Hb F and Hb A are difficult to separate electrophoretically. 

Heterogeneity as the result of differences in alleles governing protein synthe- 
sits.—There are at least 20 genetically determined, distinct human adult 
hemoglobins, most of which are associated with various hematologic diseases; 
Hb A (normal), Hb S (sickle cell), Hb C, and very possibly Hb D and Hb E 
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are the result of mutations at one genetic locus (437). Recently. genetically 
distinct hemoglobins have been found in several other mammals: sheep 
(395, 438, 439), cattle (440 to 445), and mouse (446 to 450). Such a condition 
may also be the explanation for the heterogeneity of blood hemoglobin ob- 
served by Jacob & Tappen (192, 193) in monkeys. For sheep and cattle the 
inheritance resembles that seen for the abnormal human hemoglobins in that 
the heterozygote has both kinds of hemoglobin. However, for the inheritance 
of “single” and ‘‘diffuse’’ hemoglobins in the mouse, the heterozygote is in- 
distinguishable from specimens homozygous for ‘‘diffuse’’ hemoglobin; hence 
the gene for “‘single’’ is completely recessive to that for ‘‘diffuse’’ (446). In 
these various animals the genetically distinct hemoglobins do not appear to 
be associated with any pathological condition. Huisman, Vliet & Sebens 
(451) have shown that the two different sheep hemoglobins have different 
oxygen affinities; ‘‘high affinity’’ hemoglobin is more prevalent in strains of 
sheep from high altitude. 

Studies on the erythrocytes of the deer Cervus elaphus indicate that some 
sickling occurs upon deoxygenation; the hemoglobin of this animal resembles 
the abnormal sickle-cell hemoglobin of humans in that oxyhemoglobirr is 
much more soluble than ‘‘reduced’’ hemoglobin (452, 453). Allison (454) has 
provided evidence that production of sickle-cell hemoglobin is of selective 
advantage in malaria-prevalent regions; however, Edington & Laing (455) 
found no significant protection against Plasmodium falciparum infection by 
Hb C and only a barely significant protection by Hb S. McCormick et al. 
(456) noted that three species of bacteria did not grow as well in the presence 
of Hb S as they did when Hb A was added to the medium. Out of a large 
number of heme compounds Wood & Ono (457) found that normal hemo- 
globin had the greatest antibacterial action. 

Other kinds of heterogeneity of blood pigments——Some of the other existing 
examples of blood pigment heterogeneity are caused by differences in the 
state of what is basically the same protein molecule; one criterion for this is 
when one apparent component can be changed into another by changing the 
technique or by other means of experimental manipulation. Some examples 
of this kind have already been provided. However, other examples of hetero- 
geneity exist for which there is not enough information present to enable 
them to be classified with certainty. Normal human hemoglobin can be sepa- 
rated into as many as four distinct components by starch-gel electrophoresis; 
some of these components are distinct, not obviously interconvertible pro- 
teins (194, 346, 458). One of these components, designated ‘‘A,”’ and of im- 
portance in the diagnosis of thalassemia, appears to be present in the blood of 
the chimpanzee and the new world monkey Cebus capucinus, but not in old 
world monkeys of the genus Macacus nor in cattle, horses, pigs, and rabbits 
(194). 

Electrophoretic heterogeneity has been claimed for horse hemoglobin 
but not for the hemoglobins of 14 other mammalian species (459). Giri & 
Pillai (460, 461) found that out of 12 mammals only buffalo hemoglobin was 
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heterogeneous by filter paper electrophoresis. Sydenstricker et al. (462) also 
found that dog and rabbit hemoglobin were electrophoretically homogeneous. 
The heterogeneity of horse hemoglobin was confirmed by Bangham & 
Lehmann (463), who believe that this heterogeneity is ‘‘normal’’ and not as- 
sociated with any genetic differences. 

Chicken hemoglobin is electrophoretically separable into two components 
(337, 400, 401, 464). Rodnan & Ebaugh (459) occasionally found three com- 
ponents in chicken hemoglobin. Helm & Huisman (464) reported the amino 
acid composition of the two components of chicken hemoglobin, showing 
them to be very different proteins—and also distinct from human hemo- 
globin E, which eliminates the claim of Saha and associates (465) that one of 
the chicken hemoglobins was, on the basis of electrophoretic mobility, hemo- 
globin E. Datta et al. (466) have found a component of sea cormorant hemo- 
globin that resembles human Hb A electrophoretically. Dunlap, Johnson & 
Farner (467) found two hemoglobin components by paper electrophoresis in 
20 out of 21 species of birds. They noted that separation of the two compo- 
nents is easy among birds belonging to the order Passeriformes (song birds) ; 
it becomes more difficult to fractionate completely the hemoglobins of the 
Anseriformes (ducks) and the Galliformes (chicken and game fowl). They 
found that the pigeon, a member of a phylogenetically distinct order, the 
Columbiformes, has an electrophoretically homogeneous hemoglobin—in 
agreement with results of Rodnan & Ebaugh (459). In view of the fact that 
alkaline denaturation does not always indicate an intrinsic heterogeneity, it 
is of interest that Ribeiro & Villela (468) found that the quantity of electro- 
phoretically ‘‘fast’’ component was identical to the quantity of “‘alkaline 
resistant’”’” hemoglobin in ducks and chickens. However, the electrophoreti- 
cally homogeneous hemoglobin of the pigeon has both a “slow” and a “‘fast”’ 
component by alkaline denaturation (185). 

Various reptilian and amphibian hemoglobins have been shown to be 
electrophoretically heterogeneous (190, 459, 462). The study of Ramirez & 
Dessauer (143) on the biochemistry of the two components of turtle hemo- 
globin indicates that the proteins are very different—even with regard to 
molecular weight. In the fishes, heterogeneity has been observed by ‘“‘salting 
out”’ of four components for the hemoglobin of the “‘living fossil’ coelacanth 
Latimeria (469). Buhler & Shanks (162) found up to three components by 
filter paper electrophoresis of fish hemoglobins; although they found hemo- 
globin of the lamprey Entosphenus tridentatus electrophoretically homogene- 
ous, two components were observed in both larval and adult hemoglobins of 
the lamprey Petromyzon planeri in electrophoretic studies of Adinolfi & 
Chieffi (406). 

Heterogeneity has been claimed for myoglobin from several different 
vertebrates: human (57, 107); horse (134, 136); cow (470); and tuna (57, 58). 
In general, three components were found. It should be mentioned that Rossi- 
Fanelli, Azzone & Mondovi (471) observed by alkaline denaturation three 
components in human myoglobin as well as hemoglobin; however, the propor- 
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tions of the three were different at different pH’s; this can indicate: (a) a 
basic interconvertibility of three components induced by the technique which 
may or may not represent heterogeneity present im vivo; or (b) changes in the 
relative velocities of the sequence of at least three denaturing reactions of 
what might have been one homogeneous protein to begin with. Heterogeneity 
of myoglobin may explain results observed in high-altitude adaptation 
studies. Tappen & Reynafarje (472), using two different spectrophoto- 
metric techniques for assaying guinea pig myoglobin, found complete agree- 
ment between the techniques at low altitude for all muscles except dia- 
phragm; when the guinea pigs had been exposed to high altitude for some 
time and the myoglobin content of the tissues had increased, it was found 
that now the results of the two analytical methods were consistently different 
for all tissues. Strother et al. (215) have found that the cardiac myoglobin 
from rats acclimated to low oxygen partial pressures has a somewhat different 
oxygenation association rate from that of unadapted rats. 

Ultracentrifugal studies (139) indicate a heterogeneity of many hemo- 
cyanins, at least part of which represents molecular dissociation and ag- 
gregation. Such interconvertible heterogeneity has also been shown by im- 
munological techniques for hemocyanin from the giant keyhole limpet Mega- 
thura crenulata (473). Leone (474) fractionated Cancer magister (edible crab) 
hemocyanin into four components with sodium sulfate; three distinct molec- 
ular arrays were found by electrophoretic and ultracentrifugal analysis; 
serological investigation revealed that although each ‘“‘component”’ had some 
molecular species in common, a total of seven distinct molecular types ex- 
isted. Even root nodule hemoglobin is electrophoretically separable into two 
components (30). 

It is difficult to interpret some of the claims for heterogeneity of hemo- 
globin based on electrophoresis; under certain conditions in electrophoresis 
the number of components increases (338, 339). In paper electrophoretic 
studies the hemoglobin is usually analyzed at a pH of 8.6—because this gives 
good resolution of most adult human hemoglobins. However, as pointed out 
by Riggs (268), the —SH groups of hemoglobin are easily oxidized at such 
alkaline pH’s, especially when the hemoglobin solution is dilute and main- 
tained at such a pH for many hours. 

It has been known for several years that CO is produced in small quanti- 
ties endogenously in mammals, very likely as the result of the cleaving of the 
porphyrin ring in choleglobin formation (475). This may well account for 
traces of CO-hemoglobin found in the blood of non-smoking humans and 
animals. Wilks (476) has found traces of CO in green plants and has postu- 
lated that herbivorous animals should have higher blood CO levels than non- 
herbivorous ones. Yet, the highest known level of CO (0.5 volumes per cent) 
has been found in the blood of Weddell’s seal by Pugh (222); like other seals 
this form is believed to be a carnivore. Other possible natural sources of car- 
bon monoxide are the gaseous contents of the floats of some marine algae and 
jellyfishes. 
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RESPIRATION?” 


By Joun F. PERKINS, JR.’ 
Department of Physiology, The University of Chicago, Chicago, Illinois 


THE REGULATION OF RESPIRATION 


NERVOUS REGULATION 


Origin of rhythmicity—Four types of discharges picked up by micro- 
electrodes from spontaneously firing respiratory neurons have been corre- 
lated with various phases of the respiratory cycle by Cohen & Wang (58). 
In the pneumotaxic center, located in the dorsolateral pons, the impulses 
were chiefly inspiratory and of two types, one lasting throughout inspiration, 
the other running continuously but showing an increase in frequency during 
inspiration. These discharges synchronous with respiration were absent 
after isolating the pons from the rest of the brain stem, indicating, according 
to Cohen (57), that intrinsic periodicity of the pneumotaxic center is prob- 
ably not a factor contributing to rhythmic breathing. In the region of the 
apneustic center, located in the medial upper and middle pons, ‘‘inspiratory- 
expiratory” discharges spanning portions of both inspiration and expiration 
predominated; similar trains of impulses were described by Takagi & 
Nakayama (254). In the lower pons “‘expiratory-inspiratory’’ impulses were 
characteristically present, but these were seldom observed in the medulla 
where the activity was usually inspiratory or expiratory. The pontile respira- 
tory neurons are believed to modulate the primitive inherent rhythm of the 
medulla, the inspiratory-expiratory neurons inhibiting inspiration and the 
expiratory-inspiratory neurons inhibiting expiration and initiating inspira- 
tion. A complex integrating function is assigned to the pneumotaxic center. 
Thus, inherent medullary rhythmicity, as demonstrated by Hoff, and pe- 
riodic inhibition, according to the Lumsden-Pitts theory, may both be in- 
volved in the origin of rhythmicity in some way. The finding by Cohen & 
Wang of activity in the pneumotaxic center chiefly during inspiration tends 
to rule out the possibility of a phase lag of one or two seconds which might be 


1 This review covers the literature available to the author during the year ending 
June 1, 1959. 

2 The abbreviations conform to the recommendations of the Pappenheimer Com- 
mittee [Federation Proc., 9, 602-5 (1950)]. Partial pressure of a gas is abbreviated by 
a large capital, P, and its location in the gas phase by a small capital: PA, and 
Paco, (partial pressures of oxygen and carbon dioxide in alveolar air). A dot over a 
letter means per unit time, a minute unless otherwise specified: VE (respiratory 
minute volume); Va (alveolar ventilation). Other abbreviations include Dt (diffusion 
capacity of the lung); Dm (diffusion capacity of the pulmonary membrane); Vc 
(volume of blood in pulmonary capillaries). 

31 wish to thank Mrs. Joan S. Byrne for her major contributions to this article, 
and Messrs. Charles S. Urschel and Dennis Wentz for their generous assistance. 
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expected in a negative feedback oscillator as postulated for the periodic in- 
hibition theory. Following decerebration and vagal section in dogs or cats 
anesthetized with urethane and morphine, Hukuhara & Nakayama (139) 
found that piecemeal removal of the upper half or third of the pons produced 
no apneusis. These authors conclude, chiefly from their own earlier work, 
that the respiratory rhythm originates in the reticular substance at the level 
of the striae acousticae. In his scholarly review of the neural control of respi- 
ration, Liljestrand (160) analyzes the recent evidence of Hoff and others 
challenging the periodic inhibition theory, but he wisely avoids coming to an 
“either-or” type of conclusion. Further analyses of respiratory neuron dis- 
charges should shed additional light on the mechanisms which switch inspi- 
ration and expiration on and off. 

In a study of reflex respiratory activity of the newborn rabbit, Dawes & 
Mott (79) found Hering-Breuer reflexes present, together with responses to 
hypoxia mediated by carotid bodies, and the hyperpnea resulting from the 
‘“‘pulmonary respiratory chemoreflex”. 

Vagal and other afferent impulses—Pulmonary congestion, produced by 
inflating a balloon in the left atrium of cats by Marshall & Widdicombe (170) 
or by clamping a pulmonary vein by Costantin (64), increases the rate of 
firing of pulmonary stretch receptors, as measured in single fibers of the 
vagus. During inflation of the lung, the frequency rises still higher, though 
not proportionally more than normally, enhancing inhibition of inspiration 
by the Hering-Breuer reflex (170). Caution is expressed in both papers 
against attributing clinical dyspnea to this cause, because of species differ- 
ences and the probable participation of vascular pressure receptors in dysp- 
nea. Possibly vagal afferents are involved also in the increase in respira- 
tory rate occurring in premature infants when turned from supine to prone 
position (153). Vagal stretch reflexes of the lung were found by Salisbury 
et al. (227) to influence systemic blood pressure, a marked sustained hypo- 
tension resulting from the manual pulling of the lung or by positive pressure 
inflation, the effect being abolished by vagal blockade. 

Temperature receptors responsible for panting in rams exposed to a hot 
environment were believed to be located in the skin, a rise in hypothalamic 
temperature being ruled out by measurement of carotid blood temperature 
(31). Influence of pressoreceptors was studied by Gilfoil et al. (110) who ob- 
served that internal occlusion, by catheter balloon, of the descending aorta 
in dogs produced inhibition of respiration, an effect largely eliminated by 
sino-aortic denervation. Hemingway & Simmons (130) found that acute 
pneumothorax containing volumes of air up to 2.5 to 3.5 times the functional 
residual capacity was tolerated by dogs. These authors and Kocherga (151) 
noted that the compensation consisted of progressive chest expansion attrib- 
uted by the latter to a reflex originating in interoceptors of pleura and lungs. 
A similar increase in end-expiratory volume, found by Danilov (77) to 
accompany distention of abdominal veins, was termed the ‘respiratory 
venous decongestive reflex’. Decrease in urine formation with positive- 
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pressure breathing and diuresis with negative-pressure breathing were 
attributed to reflex changes in formation of antidiuretic hormone as a result 
of stimulation of volume receptors in the thorax (35) or of atrial stretch 
receptors (189). 


CHEMICAL REGULATION 


Carbon dioxide —Excellent data are available for ventilatory response to 
CO, in various situations. Since the curves relating respiratory minute 
volume (VE) (ordinate) to Paco, have either been truly linear (70, 165) or 
their upper portions linear (11), analysis in terms of slope, AVE/APaco,, 
and value of Paco, at horizontal intercept has been possible. In general, cer- 
tain factors act primarily to change the slope and others to change the in- 
tercept, and presumably by different mechanisms. Moderate increases in 
slope were observed by Cunningham et al. (70) following infusion of nor- 
epinephrine in man, by Williams et al. (274) following administration of 
dinitrophenol in cats, by Cunningham & O'Riordan (71) during hyper- 
thermia in man. A marked increase (up to fivefold) was observed by Lloyd 
et al. (165) during hypoxia in man. 

Of particular interest are the excellent studies of Reed & Kellogg (211) 
concerning the effects of both sleep and altitude. Following acclimatization 
to 12,470 ft., the VE vs. Pco2 curves in waking subjects shifted 10 to 15 
mm. to the left of their position at sea level, the slope increasing slightly. 
Immediately following onset of sleep, the slope decreased, with little change 
in intercept. PAco, rose 3 to 5 mm. and the ventilation decreased by 2 1. The 
same phenomenon occurred during sleep in non-altitude-acclimatized sub- 
jects at sea level. For a given individual there are thus four separate re- 
sponse curves to COs, located on the graph in the following order, starting 
at the left: waking and asleep at altitude, followed by waking and asleep 
at sea level. Reed & Kellogg (211) suggest that the rise in Paco, might, by 
lowering PAo,, account for the aggravation of altitude sickness observed 
during sleep. Results similar to their sea level data were obtained in an 
extensive study during sleep by Robin et al. (219), Ve decreasing by an 
average of 2.15 1., Va by 1.7 1., mean Paco, rising 3.6 mm. Slope of the CO2 
response curve decreased from 1.4 1./min./mm. Hg Pcoz to 0.35 L., i.e., to 
one-fourth the waking value, but apparently little change in intercept oc- 
curred. In the studies of Robin ef al., if the subject awoke while breathing 
air containing CO», ventilatory response to the latter returned immediately 
to normal. Periodic breathing was observed in six subjects. A rapidly re- 
versible neurogenic depression of the respiratory center by sleep was postu- 
lated. 

In the case of CO» retention in pulmonary emphysema, when Oz cost 
of breathing was used instead of VE to measure response to COz, as suggested 
by Richards et al. (214), the slope was essentially normal but the value of 
Paco, at intercept was increased by 8 mm. However, during exposure of a 
normal subject to 3 per cent CO: for six days, Schaefer (230) found ade- 
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crease in slope of the VE vs. Paco, curve to about one-third of its original 
value, with probably no change in intercept. The curves obtained before and 
after exposure to CO: were quite similar to those obtained by Schaefer in 
two groups of normal individuals characterized, respectively, by high or 
low ventilatory response to COz. It was found that a person’s classification 
could be predicted on the basis of his resting breathing pattern on air, the 
low-response group having a significantly higher resting Paco,, lower re- 
piratory rate, larger tidal volume, larger vital capacity, larger inspiratory 
capacity, and decreased autonomic response to COz. 

From these studies on ventilatory response to CO: certain trends appear. 
Sustained lowering of Paco,, such as occurs during acclimatization to 
altitude, tends to shift the CO, response curve to the left (11), the opposite 
occurring with chronic hypercapnia (214), the slope changing little, with 
the exception noted (230). The fact that about one week was required for 
the full shift of the curve might indicate an enzyme adaptation. Whether 
the resting potential of the respiratory neurons is changed in the process, 
being elevated with chronic hypercapnia, for example, so as to cause a rise in 
stimulus threshold and decrease in frequency of spontaneous firing, is a pos- 
sibility that might be explored by means of microelectrodes. On the other 
hand, the factors which influence slope, hyperthermia, dinitrophenol, and 
epinephrine, do so almost immediately, presumably acting by increasing the 
metabolism of the respiratory neurons or of neurons synapsing with them, 
whereas the increase in slope with hypoxia is probably caused by increase in 
number of afferent impulses from the chemoreceptors, and the decrease dur- 
ing sleep to decrease in number, or inhibitory influence of afferents from 
higher centers. 

Hydrogen ion.—Ventilatory response to fixed acid (HCl) was evaluated 
by holding Paco, constant by adding CO, [Domizi, Perkins & Byrne (89)]. 
Curves relating Ve (ordinate) to arterial H+ during introduction of acid rose 
steeply when Pco2 was held at 40 mm., their slopes averaging 6.5 times 
those obtained in the usual metabolic acidosis in which Pco, characteris- 
tically falls. These data were interpreted to mean that hydrogen ions act as a 
potent stimulus to ventilation. With a pure respiratory acidosis, the VE vs. 
H* curve was even steeper, implying a stimulating effect of both CO2 and 
acid. Effect of CO alone was determined during a respiratory acidosis by 
gradually lowexing Pco2 while adding sufficient HCI to keep arterial acidity 
constant. The ventilation decreased markedly, tending to dispel any re- 
maining doubts as to the efficacy of molecular CO; as a ventilatory stimulus. 
The authors conclude that these experiments support the concept that car- 
bon dioxide and hydrogen ions act, insofar as their levels in arterial blood go, 
as independent stimuli to ventilation, their individual effects being additive 
as proposed by Gray (117). It was believed that relatively little interaction 
between the two stimuli existed, though this was uncertain. In unanesthe- 
tized dogs, Reeves & Brown (212) observed partial compensation, resulting 
from hypoventilation, of metabolic alkalosis. Dogs made alkalotic by 
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NaHCO; showed a rise in PAco, from a control value of 38.8 mm. Hg to 
48.5, and those made alkalotic by gastric drainage a rise from 34.8 to 47 mm. 
As a result, pH fell by 0.7 and 0.9 units respectively. Ventilation did not de- 
crease further when 100 per cent O:2 was given, indicating that a hypoxic 
ventilatory drive was not antagonizing compensation by hypoventilation. 
The authors state that a Pcoz of 70 mm. would have been needed for com- 
plete compensation of pH. This would, of course, be unlikely because the 
rising Pcoz would oppose the tendency of alkalosis to produce hypoventila- 
tion long before a Pco» of 70 was reached. 

Loeschcke, Koepchen & Gertz (166) have continued in dogs and cats 
studies on the respiratory chemoreceptors located in the fourth brain ven- 
tricle, as described earlier by Loeschcke. When acidity of the solution per- 
fusing the ventricle was increased, at constant Pcos, the tidal volume in- 
creased, the frequency remaining the same; but when Pco, was increased, at 
constant acidity, tidal volume decreased slightly. The peripheral chemo- 
receptors were denervated in these and subsequent studies (166 a, b, c) in 
which it was shown that veratridine increased tidal volume, cyanide or 
procaine decreased it or stopped respiration. Application of solutions to the 
floor of the fourth ventricle had little effect, the evidence pointing as pre- 
viously toward respiratory chemoreceptors sensitive to acid, and located in 
the lateral recesses of the fourth ventricle, possibly in the choroid plexus. 
Closely related to this work is the study of acid-base relations between spinal 
fluid and blood by Robin et al. (218) who demonstrated, first, that under 
control conditions pH of spinal fluid averages 0.05 units lower than arterial 
blood because Pco:z is for some reason 6 mm. higher and the HCO; concentra- 
tions equal. Second, the usual fall in arterial pH produced by intravenous 
administration of NH,Cl or HCl is accompanied by a rise in spinal fluid pH, 
and the latter falls when bicarbonate is given intravenously. These ‘‘para- 
doxical shifts’ in pH are explained by thé fact that the spinal-fluid compart- 
ment is relatively impermeable to bicarbonate, the concentrations of which 
do not change during the above procedures, whereas the Pco: of spinal fluid 
passively follows changes in arterial Pco2. This hypothesis was confirmed by 
holding Paco, constant by artificially controlling the ventilation. When 
NH,Cl or bicarbonate was given, spinal fluid pH did not change, even 
though arterial pH did. The need to explain the spinal fluid alkalosis after 
NH,Cl by NH; diffusing into the spinal fluid, as suggested by Winterstein, 
is thus no longer necessary. From their work Robin et al. conclude that the 
spinal fluid does not represent the chemical environment of the respiratory 
center. Though the acid-sensitive receptors described by Loeschchke’s group 
could account for the hyperpnea caused by CO, inhalation, or that briefly 
accompanying bicarbonate administration, in which conditions cerebrospinal 
fluid becomes more acid, this would not be true for the hyperpnea of meta- 
bolic acidosis, in which Pcoz and acidity are both reduced. 

Oxygen.—There can now be no doubt that hypoxia potentiates, often 
markedly, the ventilatory response to CO. This has become evident as a 
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result of the clear-cut studies of Lloyd, Jukes & Cunningham (165) and of 
Cormack, Cunningham & Gee (63) referred to in last year’s review (267). 
Slopes of curves relating VE to Paco, rose with increasing rapidity as 
PAo, was lowered from 150 to 42 mm., sometimes reaching five times their 
initial value, whereas value of Paco, at intercept was consistently unaffected 
by hypoxia. The work of Nielsen & Smith (193) was thus vindicated, and 
that portion of Gray’s theory which states that hypoxia and hypercapnia 
are independent stimuli could no longer be supported, though its value for 
stimulating experimentation has been great. The fact that ventilation rose 
significantly as PAo, was lowered from 150 to 100 mm. supports the conten- 
tion of previous workers that there is a hypoxic stimulus affecting ventila- 
tion even at sea level. The three problems, interaction between CO: and 
low Oz, “threshold’”’ value for Paco,, and oxygen stimulus breathing air, 
were studied in a different way by Saito et al. (226), who followed the effects 
of hypercapnia and hypoxia in anesthetized dogs and rabbits not only by 
measuring VE but also by means of a meter continuously recording arterial 
pH. As in experiments of Lloyd et al. (165), hypoxia potentiated the ven- 
tilatory response to CO». An ingenious explanation was offered—assuming 
hydrogen ions act as a ventilatory stimulus—in terms of the greater change 
in pH per mm. Pco;z occurring during the alkalosis accompanying hypoxia 
than at normal pH, as determined experimentally and from in vitro data 
relating pH to Pcoeg. During hypoxia there was no “‘threshold”’ of the type 
described by Nielsen & Smith (193). Evidence for a hypoxic ventilatory 
stimulus was provided when a rise in arterial pH was found with breathing of 
19 per cent Oz, and a fall with 50 per cent Os. Further evidence for an in- 
fluence of Po on ventilatory response to CO» was provided by Stroud (252), 
who combined data for VE vs. Pco: with data obtained during breath hold- 
ing. Though values for Pco2 and Po: at the breaking point varied widely, 
their combined effects during a given hold were assumed to exert a constant 
ventilatory stimulus, equivalent to the same ventilation in a breathing sub- 
ject. Its value was calculated by extrapolating the VE vs. Paco, curve ob- 
tained while breathing O» to the value of Pco, (70 mm.) obtained during 
breath-holding after breathing O2, CO, then being the sole stimulus. On 
the assumption that the same ventilation would exist with each of the lower 
values for Pco2, at breaking points with lower Po», theoretical VE vs. 
Paco, curves could be constructed, each steeper as Poe decreased. A semi- 
log plot of the slopes (ordinate) of these curves vs. Po2 showed a slight, 
linear rise in the PAo, range from 325 to 90 mm. At this point, presumably 
because of beginning chemoreceptor activity, the curve rose steeply and 
linearly, indicating a slope of 9 1./mm. for the VE vs. Pacoz curve at a Pao: of 
47 mm. Subject to the limitations of breath-holding experiments of this type, 
this provides additional evidence for interaction between CO. and Oy. Values 
of VE predicted by this type of calculation compared fairly well with those 
obtained while breathing various CO:—O2 mixtures. Further evidence for 
an.O, ventilatory drive at sea level is also provided by Stroud’s work. Since 
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the potentiating effect occurring in the range from 325 to 90 mm. POszis of a 
much lower magnitude than that existing below 90 mm., possibly structures 
other than the sinoaortic chemoreceptors are involved. In order to avoid 
multiple effects on the respiratory system caused by prolonged breathing 
of unusual gas mixtures, Dejours et al. (85) tested for ‘‘ventilatory Oz drive”’ 
at sea level by means of what might be called a “square wave forcing” 
technique used in previous ventilatory studies (84), which consisted in this 
case of giving the subject, without his knowledge, a single breath of 100 
per cent Oz, after which he breathed the original gas mixture. Ventilation 
was found to decrease significantly, often by 5 to 10 per cent, when this 
procedure was carried out during normoxia (breathing air), to decrease 
more markedly during hypoxia, but to show no decrease during breathing of 
33 per cent Oz. Once more it was concluded that a ventilatory O2 drive 
does exist in man even during normoxia, the Po2 threshold lying somewhere 
between 80 to 100 mm. and 175 mm. Hg. 

Additional information about the chemoreceptors was provided by the 
studies of Heymans (131), who demonstrated that the monkeys Cerecocebus 
albigenae and Papio cinocephalus are provided with baroreceptors and 
chemoreceptors in the carotid sinus areas and of Beller (22), who found that 
Op» saturation at a simulated altitude of 7500 m. fell from 55 to 62 per cent 
before denervation of the carotid body in dogs to 40 to 50 per cent after. A 
most interesting study has been made by Garlind & Linderholm (106) ona 
postencephalitic patient whose resting Paco, was near 70 mm. Further in- 
crease in Paco, produced by breathing COz in air caused a slight fall in VE, 
and breathing O2 a halving of Ve. Since hypoxia and exercise increased VE, 
it appeared that this patient’s respiratory center could respond to reflex 
stimulation from the chemoreceptors or from afferents involved in exercise, 
though it failed to respond to COz. Just why the patient continued to breathe 
at all while inhaling 100 per cent O» is an intriguing question. Less puzzling 
is the reduction in ventilation produced in decerebrate cats by the addition 
of an airway resistance (98) in spite of increased activity of the diaphragm 
and of rise in CO2 and fall in O2, since the nervous and chemical mechanisms 
regulating ventilation are “‘error-operated” rather than “on-off” systems. 
Those familiar with modern ‘regulation theory” will be interested by 
Vendryé’s analysis (265) of the control of respiration. 


REGULATION DURING EXERCISE 


Factors which may account for the hyperpnea of exercise have been the 
subject of several excellent papers this year, among which is the monograph 
by Dejours (82a). Mitchell, Sproule & Chapman (181) performed a com- 
prehensive analysis in normal subjects of factors influencing respiration 
during heavy exercise. These authors conclude that the hyperpnea can 
definitely not be explained by a fall in arterial Poe or rise in PCO since the 
opposite occurred with both during exercise, and though arterial pH fell, 
there was no consistent relation to the increased ventilation. It was found 
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that Pco: of jugular vein blood actually decreased. However, Pco: of brachial 
and femoral venous blood increased 18 mm. and 27 mm. respectively, pro- 
viding a possible stimulus to ventilation via chemoreceptors in the lesser 
circulation, as might the observed increase in central blood volume, from 
an average of 1.65 1. at rest to 3.52 1. during severe exercise. That factors 
other than CO, must be involved in the hyperpnea of severe exercise is 
indicated by the finding [Holmgren & Linderholm (134)] that Paco, values 
fall as low as 17 mm. in exhaustive work, the mean being 30 mm. 

The controversial issue regarding specific metabolism chemoreceptors 
was studied by Ramsay (208) in anesthetized, decerebrate, and anesthetized 
decerebrate cats in terms of the ventilatory response to an increase in 
metabolism produced by 2-4 dinitrophenol. Anesthesia did not alter the 
response. From these and other data Ramsay concludes that pulmonary 
ventilation is regulated by ‘“‘metaboreceptors”’ located in muscles, which are 
sensitive to changes in metabolic activity whether produced by dinitro- 
phenol or exercise. He believes that this neural mechanism alone, as opposed 
to a possible dual neural-humoral one, controls the pulmonary ventilation 
during light and moderate exercise. It would, surely, have been interesting 
to observe the effects of denervating the limbs on increase in Voz attributable 
to dinitrophenol, especially since Bailen & Horvath (10a) concluded that an 
increased metabolism did not stimulate ventilation via neural pathways in 
dogs. They connected the blood vessels of a leg totally amputated except 
for the femoral nerve to those of a donor animal. No rise in ventilation 
occurred in the recipient animal when dinitrophenol was given to the donor, 
though ventilation increased 100 per cent in the latter. Kao & Schlig (145) 
did not (though Kao had earlier discussed it) mention specific chemorecep- 
tors of this type in their recent work on the influence of thyroxine on ven- 
tilatory response to electrically induced exercise in anesthetized rats. When 
VE (ordinate) was plotted against Voz, the slope, equal to the ventilatory 
equivalent for Oz, in ml. VE/ml.Voz, increased from 18 before thyroxine to 
30 after, signifying an increase in the sensitivity of the respiratory regulatory 
mechanism for exercise. In thyroidectomized animals, the slope did not 
change, though the curve was shifted down. If metaboreceptors do indeed 
exist, as suggested by the interesting work of Ramsay, the thyroxine might 
in some way have potentiated their action. Quite the opposite view to that 
of Ramsay was taken by Dejours’ group (83) which, having failed previously 
to find evidence for specific ventilatory chemoreceptors in the limbs of 
man, set out to evaluate the dual neurohumoral theory for the regulation of 
ventilation which they had proposed earlier. On the basis of measurements 
of the ventilatory response to passive motion of the limbs, Dejours et al. 
conclude that neural factors, among which the “‘ventilatory proprioceptive 
reflex” is of particular importance, appear responsible for the abrupt rise 
and fall in ventilation at onset and cessation of exercise, whereas chemical 
factors exert their effects slowly. The role of central hyperthermia during 
exercise was evaluated in another publication by Dejours and his colleagues 
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(86). When body temperature of three normal women was raised 0.6°C. 
by exposure to a warm, moist environment, ventilatory response to light 
exercise was not increased, nor was alveolar Poe or Pco:z affected, contrary 
to the data of Cotes and others who have observed hyperpnea during central 
hyperthermia. Approaching the problem of regulation of ventilation during 
exercise from a different angle, Craig & Cummings (66) found an essentially 
parabolic relation between O2 uptake (M) and duration of breathholding 
(B) during exercise (MX B=0.435 1.) and immediately after exercise (1X 
B=0.520 1.)—the product having the dimensions of an Oz debt, over a 
Voz range of 0.5 to 2.3 1./min. The implication is that a chemical stimulus to 
breathe, something more than one related to alveolar gas composition, is 
accumulating during the hold at a rate proportional to Voz. During rest, 
and at high oxygen uptakes, the product (MB) decreased, suggesting that 
no single chemical or nervous factor can explain ventilatory control during 
exercise. This is also indicated by the decrease in Pco2 of gas expelled after 
breath holds with increase in holding time, by a discontinuous rise in re- 
spiratory frequency during increasing work, and by presence of maximum 
values for PAco, and minimum for VE/Vo:z. The consistent elevation of 
blood ammonia observed following artificially induced convulsions and volun- 
tary exercise was considered by Schwartz et al. (235) as a possible factor in 
the hyperpnea of exercise. 

New methods which should prove useful for studies on exercise include 
one for recording approximate tidal volume by measuring electrical im- 
pedance between the two arms (111), a pneumotachograph which totals 
VE electrically (275), a rapidly responding continuous O, consumption re- 
corder (121), and a new procedure for calibrating the Miiller-Franz respira- 
tion gas meter (215). 


GENERAL EFFECTS OF 0:2, CO2:, TOXIC GASES 


Hypoxia: acclimatization and tolerance.—Exposure of pregnant ewes and 
fetal lambs to simulated high altitude caused a rise in maternal hemoglobin, 
with evidence for a circulating erythropoietic substance in ewe plasma (144). 
A rise in fetal hemoglobin also occurred though not to levels exceeding those 
of maternal blood as in human fetuses at term. Kaiser et al. (144) conclude 
that since hypoxia caused increase in hemoglobin of the fetus, the latter is 
normally not sufficiently hypoxic for maximal erythropoiesis to occur. Ac- 
cording to Criscuolo et al. (68), adaptations by rats to the stresses of cold and 
altitude and of heat and altitude generally appear to have little similarity 
and may be antagonistic. Cold did not modify the normal increases arising 
from altitude, in hemoglobin, hematocrit, and erythrocyte counts; but heat 
nearly obliterated them. In dogs under barbiturate anesthesia, Biddulph & 
Van Fossan (26) found that hypocapnia alone caused no increase in the blood 
sugar level, hypoxemia alone caused only transient increases, but hypoxemia 
and hypocapnia together caused a marked increase. That the hypergly- 
cemia was probably a useful response was indicated by the finding of Kubicek 
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et al. (155) that after sympathectomy dogs tolerated fever and hypoxia 
poorly, undergoing circulatory collapse with low blood sugar. Tolerance was 
improved by anesthesia. However, ability to withstand acute hypoxia during 
hypothermia in cats was lowered by barbiturates (120), though the hypo- 
thermia per se increased the resistance to low Oz. Markedly superior tol- 
erance to hypocapnia as well as hypoxia of miners residing at 14,900 ft. 
was demonstrated by Velasquez (264) who found average values for Paco, 
and Pao, of 16 and 23 mm., respectively, at a simulated altitude of 32,000 
ft. in 8 subjects, the latter remaining conscious over three times longer than 
sea level residents at that altitude. Hypoxia caused a decrease in tolerance 
to positive acceleration in man (42), and restraint of rats decreased survival 
during hypoxia (15). 

Hypoxia: circulatory effects —Astrand & Astrand (10) found that Voz 
and heart rate both reached lower ceilings in acclimatized subjects exercising 
hard at high altitude, maximum Voz and heart rate rising markedly on O, 
breathing. These effects were apparently attributable to limitation of cardiac 
rather than respiratory function. Possibly a compensatory mechanism ob- 
served in dogs by Feinberg et al. (97) was involved but was inadequate 
during maximal exercise. These workers found that during hypoxia the 
greater demand for Os, arising from increased cardiac work was met by in- 
creased coronary flow, the percentage of myocardial O, extraction remaining 
relatively constant. Forearm blood flow increased and vascular resistance 
fell during breathing of 5 to 10 per cent Ozin No, before as well as after nerve 
blockade, but did not fall when the hypocapnia accompanying hypoxia was 
prevented by adding CO, to the inspired gas [Black & Roddie (29)]. They 
postulate the release of a humoral vasodilating agent, possibly epinephrine, 
as the result of the loss of COs. That epinephrine released somehow by 
hypocapnia might be involved in the pronounced tachycardia accompany- 
ing hypoxia in man was indicated by the fact that the heart rate rose little 
when CO, was added to the inspired gas. A reflex originating in the lungs 
might also be involved in hypoxic tachycardia, according to Daly & Scott 
(75). In this and a later study (76) they showed also that the carotid chemo- 
receptors not only fail to contribute to the increased heart rate but actually 
antagonize it, perfusion of the carotid bodies with blood from a hypoxic dog 
causing a profound cardiac slowing. 

Oxygen toxicity—In rats exposed to oxygen under a pressure of 6 atm., 
slowing of the heart and respiration occurred 2 hr. earlier in animals anes- 
thetized with choralose and urethane than in those under barbiturate 
anesthesia (256), but no rise in COs occurred before onset of respiratory 
failure. A 4-hr. period of breathing pure O, did not affect central or pe- 
ripheral visual acuity (178). 

Hypercapnia.—T he hypochloremia known to occur in chronic respiratory 
acidosis was attributed to increased chloride excretion by the kidney, 
presumably because of blocking of tubular reabsorption by the high Pcoz 
(157). Depression or modification of vascular and respiratory responses to 
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inhalation of 30 per cent CO2 was observed during N,O-O,-ether anesthesia 
(172). In a study of the CO2 in brain, muscle, and bone during exposure to 
rats to 24 per cent CO», Nichols (192) demonstrated that the chief site of 
storage of CO, in such acute respiratory acidosis is in the soft tissues rather 
than in bone, in which concentration of CO2 was constant or declined. Rapid 
continuous venous infusion of gaseous CO, (200 ml. per kg. of body weight) 
into dogs caused a transient tachypnea, bradycardia, and systemic hypo- 
tension, complete recovery occurring soon after infusion was stopped (124). 
Hypocapnia.—Patients who were hyperventilated by controlled respira- 
tion during surgery showed, in addition to the respiratory alkalosis, a 
metabolic acidosis (200) which was not influenced by breathing air, Oo, or a 
hypoxic mixture. Even with 100 per cent Os, hyperventilation produced 
cerebral anoxia in dogs as shown by fall in Og availability in brains of cats, 
as measured polarographically (54), and by high levels of brain lactic acid 
(168). This fact is presumably attributable to reduced cerebral blood flow 
caused by hypocapnia-induced vasoconstriction and to inadequate unload- 
ing of Oz. Speech intelligibility increased significantly during hyperventila- 
tion by healthy subjects, even though articulation was impaired (220). 
Toxic gases.—Dilute ozone was found by Scheel e¢ al. (232) to react with 
the proteins of lung tissue, partially denaturing them and producing in- 
creased capillary permeability and pulmonary edema. Repeated exposure in 
rabbits and cats led to fibrosis of the bronchioles and alveolar ducts, asso- 
ciated with a shallow, inadequate breathing pattern attributed to overactive 
Hering-Breuer reflexes. One wonders whether some of the idiopathic fibroses 
of the lung might not be caused by the presence of ozone in certain environ- 
ments. Positively charged air ions were found to decrease ciliary activity, 
to lower rate of mucus flow, to contract the membranous posterior tracheal 
wall, and to increase vulnerability of cilia and mucosal blood vessels to 
trauma, effects largely reversed by negative air ions (154). As a result of 
their finding elevated concentrations of lactic acid in the brains of dogs ex- 
posed for 30 min. to hypoxemia with or without hypocapnia, but no eleva- 
tion with hypocapnia alone, Biddulph et al. (27) have provided a means for 
distinguishing between hypoxemia and pure hypocapnia as a cause of death 
in aircraft accidents; they describe techniques for best sampling (263). 
Using similar tests for carbon monoxide (271), 30 per cent of tissue speci- 
mens from 186 fatal jet aircraft accidents were found to be over 30 per cent 
saturated with CO, indicating presence of toxic concentrations beforehand. 


MECHANICS OF BREATHING 


Compliance.—From birth to young adulthood, pulmonary compliance 
was found by Cook et al. (61) to be related constantly to lung volume, aver- 
aging 0.057 ml. cm. H,O/ml. functional residual capacity and 0.035 ml./cm. 
H,O/ml. vital capacity, and to height (compliance = 1.78 X ht?“ x 107‘), 
Functional residual capacity was also related to height: FRC = 1.14 Xht?-*X 
10~%, Lim & Luft (161) observed that on assumption of the supine after the 
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standing position, pulmonary compliance and functional residual capacity 
were both reduced in equal proportion. For this reason the specific compli- 
ance [specific pulmonary compliance, Cs, = (AV/AP)/FRC], which remained 
constant in the two body positions, provides a better measure of stress- 
strain relations of the lung than pulmonary compliance alone. Another 
effect of posture was observed when subjects were turned from the supine 
position to the left side, the contribution of the right lung to the functional 
residual capacity rising from 58 to 70 per cent; similar increases in volumes 
of the uppermost lung occurred in expiratory reserve volume, inspiratory 
capacity, and reserve volume (148). Using the lobar spirometric catheter 
(55), Koler, Young & Martin (152) found that volume changes in the upper 
lobe did not occur in the same proportion as in the lower, the upper con- 
tributing more to early expiration, the lower more to late. Calculation of 
pulmonary compliance in terms of esophageal pressure is not without its 
limitations; Mead & Gaensler (177) showed that amplitude of respiratory 
swings in esophageal pressure deviated from corresponding changes in 
pleural pressure by +20 to —18 per cent in the upright posture. In the 
supine position, the respiratory fluctuations not only deviated still more 
(+80 to —25 per cent) but were consistently greater, a factor tending to 
give falsely low values for pulmonary compliance. According to Petit & 
Milic-Emili (203), elastic pressures of the esophagus caused by slight change 
in volume of the balloon during intrapleural pressure changes are minimized 
by using a balloon 15 cm. long, 5 cm. in circumference located at the lower 
third of the esophagus, which is the most distensible portion. For supine 
subjects, since the length of distensible esophagus becomes shorter in that 
position, a balloon 10 cm. long is preferred. Lung-thorax compliance and 
airway resistance, shown previously to be reduced and increased respectively 
by anesthesia in human subjects, were not further changed by hypothermia 
to 29° (236), nor did sleep have any influence (219). That pulmonary granu- 
lomatosis caused a reduction in compliance [to 0.080 1./cem. H,O in a study 
by Lyons (167)] or that even more marked decreases have been observed in 
fibrosis is not surprising in view of the changes occurring in interstitial 
tissue. Less clear is the reason for reduction in pulmonary compliance in 
mitral stenosis: to 0.12 1/cm. in a study by White et al. (269), falling to 0.09 
during exercise; and to 0.11, also decreasing with exercise, in a study by 
Nisell et al. (195). Sharp (239a) found that compliance fell an average of 
21.9 per cent in patients with congestive heart failure when they changed 
their body position from the sitting to the prone position. No change oc- 
curred in normal subjects. Compliance was also reduced in pulmonary hy- 
pertension according to McIlroy & Apthorp (174). These observations in 
man have led to experiments in animals in order to determine relation be- 
tween compliance and pulmonary vascular congestion. The effect on pul- 
monary compliance and airway resistance of partial aortic occlusion and 
rapid intravenous infusion was. evaluated in dogs by Cook and co-workers 
(62). Brief congestion produced a small (18 per cent) reversible reduction in 
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compliance; but when left atrial pressure was elevated so as to produce 
pulmonary edema, compliance fell to only 22 per cent of its control value 
and airway resistance rose to 208 per cent. That the decrease in pulmonary 
compliance accompanying pulmonary edema was caused more by surface 
forces than by vascular congestion or tissue changes was suggested by: (a) 
failure of congestion per se to produce more than a slight effect, as also 
noted by Frank e¢ al. (102); (6) marked increase in hysteresis with edema; 
(c) return to normal compliance with inflation beyond the tidal range; (d) 
lack of change in compliance or increase in hysteresis with edema when the 
lungs were inflated with saline. Gray (116) found decreased compliance in a 
sequestered lobe of a dog’s lung when it was made edematous by infusion 
of saline. Hughes et al. (137) found that increasing perfusion pressure in the 
lungs of rabbits from 11 to 38 mm. Hg. decreased ‘‘dynamic’”’ pulmonary 
compliance by 30 per cent, an equal decrease being produced by pulmonary 
edema sufficient to double the weight of the lung. In another paper (138), 
Hughes et al. studied ‘‘stress relaxation’’, defined as the gradual fall in trans- 
pulmonary pressure occurring after cessation of inflation of the lung at con- 
stant speed, which they attribute to the same underlying mechanism as 
hysteresis. An observed increase in stress relaxation caused by histamine 
aerosol was attributed partly to surface effects caused by airway narrowing 
but also to true plasticity of the lung. Agostoni et al. (3) have also obtained 
evidence for plasticity in the form of marked hysteresis of pressure-volume 
curves with saline-filled lungs, contrary to other data obtained in the same 
manner (62). Also, Koler et al. (152) believed that “‘creep”, i.e., change in 
volume of a lobe of the lung on voluntarily interrupting inspiration or ex- 
piration, represents true plasticity, though these data and those of Hughes 
et al. (138) on stress relaxation can hardly be compared with pressure-volume 
data for saline-filled lungs. 

Airway resistance—In a study by Agostoni et al. (3) of the mechanical 
aspects of the first breath in lungs isolated from mature guinea pig, cat, and 
goat fetuses, a pressure of about 5 cm. of H2O was needed to overcome 
viscous resistance to flow of amniotic fluid in the airways, as determined by 
introducing saline. When the lungs were initially expanded by air, 25 to 30 
cm. of water pressure were needed to overcome the surface tension of the 
air-liquid interphase. From in vitro measurements of surface tension of 
amniotic fluid (=0.067 gm./cm.) the average radius r of the bronchioles of 
the newborn was calculated to be 0.05 mm. Hyatt, Schilder & Fry (140) 
have reinvestigated the relationship between transpulmonary pressure, 
respiratory gas flow, and lung inflation. Pressure vs. expiratory flow curves 
obtained during partial inflation increased to a maximum and then fell off 
with increasing pressure, but curves obtained high in the vital capacity 
showed no maxima, flows increasing with effort. When the maximal expira- 
tory flows were plotted against degree of lung inflation, a flow vs. volume 
curve was obtained, the slope of which is constantly related to lung inflation 
and does not depend on maximal effort, being determined by the physical 
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properties of the lower respiratory tree. A comprehensive and rigorous 
theoretical analysis of this phenomenon has been carried out by Fry (105). 
A pressure-flow equation for a bronchial segment was derived in terms of the 
pressure-drop along the segment and the tendency of the resulting trans- 
mural stress to collapse the bronchus. When pressure-flow curves were 
plotted from this expression, they passed through flow maxima just as in 
the experiments cited (140). At a given flow, two stable pressure positions 
exist, and the pressure may sometimes oscillate from one position to the 
other. An equation relating transmural stress to maximal flow was found to 
predict with reasonable accuracy the flow of water through a model con- 
sisting of a thin rubber tube representing the bronchial segment. Though 
the derivation is based on laminar flow of gas, the possibility of turbulence 
at peak flows is mentioned. That the independence of the flow vs. volume 
curve to variations in effort is related to increases in airway resistance ac- 
companying decrease in diameter of bronchi during expiration was also 
indicated by the work of Martin & Proctor (171) who have emphasized the 
importance of elastic retractive forces in maintaining the patency of the 
airways. Pressure-volume curves indicated the greater distensibility of the 
smaller airways. Thus at —6 cm. intrapleural pressure, corresponding to 
end-expiration, the trachea, and bronchi of 5 mm., and 2 mm. diameter 
would be, respectively, at 110 per cent, 210 per cent, and 390 per cent of 
their resting volumes; and to collapse them by 90 per cent, pressures of 
90, 15, and 7.5 cm. of water would be required. Advantage of the greater 
rigidity of the larger airways is emphasized, since during forced expiration 
they receive a greater transmural pressure tending to collapse them. A 
forthright approach to the expiratory ‘‘check-valve’’ mechanism was made 
by Dekker, Defares & Heemstra (87) using simultaneous measurements of 
air flow, intraesophageal, and intrabronchial pressures, the latter deter- 
mined by means of 2 mm. outside-diameter polyethylene catheters. During 
voluntarily produced wheezing maneuvers in normal subjects, pressure in 
a small bronchus was only slightly below esophageal, about two-thirds of 
the total pressure drop occurring in the larger bronchi and not in the bron- 
chioles as postulated by previous workers. What should prove most useful for 
field testing is the interrupter device of Clements (56) for measuring airway 
resistance, modified by Shephard (243) so that lung volumes can be simul- 
taneously measured by having the subject maintain a constant air flow, as 
indicated by a gauge, for a measured time. In normal subjects, airway 
resistance rose-during expiration at low lung volumes, caused presumably by 
narrowing of airways; it also rose toward the end of full inspiration, prob- 
ably because areas supplied by low resistance airways were already filled. 
It was found that pressure = flow! at flows >301./min. (implying a turbulent 
factor). An increase in resistance caused by turbulence, or a decrease in 
elastance may explain why the semilog plot of rate of expiratory flow 
against time which was obtained by Goodheart et al. (114) during passive 
expiration of inflated lungs in curarized dogs was not a straight line, par- 
ticularly at higher inflations. 
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Briscoe & DuBois (40) using the body plethysmograph (60) have found 
a linear relation between lung volume and airway conductance (=reciprocal 
of resistance; units |./sec./em. HO) in 26 normal subjects ranging from 4 
to 87 yr. Mean regression coefficients for A conductance/A volume were 
0.14 for children, 0.29 for women, 0.28 for men, the curves passing nearly 
through the origin. Inasmuch as airway conductance may increase as much 
as fourfold on full inspiration from the expiratory position, accurate evalua- 
tion of bronchodilator drugs requires simultaneous measurement of lung 
volume. Increases of up to ninefold in airway resistance because of inhaled 
carbachol aerosols and of powdered coal, charcoal, India ink, calcium car- 
bonate, and aluminum were observed by DuBois & Dautrebande (91); this 
effect was reversed or prevented by sympathomimetic aerosols. Complete 
details of construction and operation of the now well-known body plethys- 
mograph used in the preceding study which permits measurement of func- 
tional residual capacity, airway resistance, pulmonary capillary flow (using 
N.O), abdominal gas, trapped gas in lung, and pulmonary tissue resistance 
have now been published by Comroe, Botelho & DuBois (60). Using a new 
body plethysmograph in which adventitious pressure changes are avoided by 
maintaining the interior at body temperature and fully saturated with water 
vapor, thus permitting any breathing pattern, Bartlett et al. (18) found that 
in normal subjects airway resistance decreased with increasing lung volume; 
increase in breath velocity was associated with a higher resistance, not only 
during expiration but also during inspiration. Use of the new plethysmograph 
to study the inward movement of ambient air during apnea, as a result of 
continued diffusion of O2 into the blood while CO: is being retained, was 
also described (16). 

Bronchi.—From studies on tracheal rings, Hawkins & Paton (125) con- 
clude that there may be two types of ganglion cell: one adrenergic mediating 
bronchodilatation, either by sympathetic or vagal activity; the other cholin- 
ergic, mediating bronchoconstriction via the vagus. Bronchospasm induced 
by acetylcholine in guinea pigs was enhanced by 10 per cent COs, but that 
induced by histamine was not so affected (250). 

Work and oxygen cost of breathing—Though no change in respiratory 
minute volume occurred after vagotomy in anesthetized dogs, as reported 
by Lim, Luft & Grodins (162), tidal volume increased relatively more than 
respiratory dead space, leading to increased alveolar ventilation and respira- 
tory alkalosis. Total work of breathing increased because of increase in the 
elastic component. Following cooling of the vagi in dogs, Salzano & Hall 
(228) found a marked increase in total work per minute during breathing of 
air and of 3.8 per cent COz, a slight increase with 10 per cent O2, no change 
with 5.2 per cent COz, and a nearly 50 per cent decrease with 6.4 per cent 
O.; the latter was explained by a marked decrease in respiratory frequency. 

Addition of CO, to inspired gas did not decrease (as reported by others) 
total oxygen cost of voluntary hyperventilation according to Murray 
(190). By extrapolating to zero ventilation the curve relating rate of oxygen 
consumption to respiratory minute volume obtained during rest and hyper- 
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ventilation, Campbell, Westlake & Cherniack (44) measured the oxygen 
consumption of the respiratory muscles alone. The oxygen cost of breathing 
rose from 0.34 ml. O2/I. at rest to 1-2 ml./l. at a minute volume of 50 to 90 
1./min. depending on the subject. Efficiency of the respiratory muscles for 
doing external respiratory work by breathing through a resistance was 7 to 
9.6 per cent in normal subjects but averaged only 1.8 per cent in emphy- 
sematous subjects, as determined by Cherniack (52). Bartlett et al. (17) 
found efficiency of respiratory work passed through a maximum (averaging 
4.4 per cent in normal subjects) as the resistance was increased. This was 
because the peak work was performed at this resistance, as shown by the 
pressure-volume external work loops, whereas oxygen cost of breathing was 
nearly constant with increasing resistance. In an analysis of the mechanics 
of breathing in cats, Brody (41) found that the abdominal muscles impose a 
steady force tending to decrease functional residual capacity and that 
abdominal structures, especially the liver, make up about half of total tissue 
respiratory resistance or one-fourth of total respiratory resistance. Thus 
dyspnea may be produced by certain abdominal disorders. 

Pickwickian syndrome.—The oxygen cost of breathing was two to five 
times normal in hypoxemic obese patients with normal lung function, sup- 
porting, according to Cherniack and colleagues (49, 51, 147), the idea that 
increased respiratory work in obesity produces hypoventilation. However, 
doubt as to prevalence of true Pickwickian syndrome was expressed by 
Bedell (20) after studies on patients who were 100 Ib. overweight; hypoxemia 
and hypercapnia occurred only in those with demonstrable ventilatory or 
distribution difficulties, weight loss giving little improvement. 

Artificial respiration—The almost total inadequacy of conventional 
back-or-chest pressure, arm-lift methods of artificial respiration, even when 
administered by experts, was demonstrated by Safar (225) in studies on 29 
curarized, anesthetized apneic adults. Tidal volumes smaller than the dead 
space were observed in 80 per cent of the subjects because of pharyngeal 
obstruction by the tongue, not readily relieved except by endotracheal 
tube, obviously impractical for field use. The author therefore questions the 
advisability of further use of manual methods, favoring mouth-to-mouth 
artificial respiration. New devices include a portable respirator which assists 
the expiratory phase of respiration by means of an abdominal belt (2) anda 
“Bernoulli T tube”’ which prevents harmful rise in mean airway pressure 
during assisted respiration (93). 


GAS EXCHANGE 
Gas TRANSPORT 


Oxyhemoglobin.—The oxygen dissociation curve shifted to the right as 
the size of the mammal decreased (e.g., horse to mouse) in a study by 
Schmidt-Nielsen & Larimer (233) representing, apparently, an adaptation 
to the higher metabolic needs of small animals by which higher unloading 
tensions and diffusion gradients for O2 are provided. Oxygen dissociation 
curves obtained by Bartels & Harms (13) for man, rabbit, guinea pig, dog, 
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pig, cattle, sheep, and cat were nearly identical in position except for the 
last two, which were shifted to the right. Fraimow et al. (101) have found 
that oxyhemoglobin dissociation curves determined in vivo by measuring 
the oxygen partial pressure and saturation of arterial blood were shifted to 
the right and downward in patients with sickle-cell anemia, leading to sat- 
urations in the 80’s breathing air; pulmonary function was essentially 
normal. Since Wyman & Allen had showed that dialyzed sickle hemoglobin 
had a normal dissociation curve, it is suggested that the shift may be caused 
by reduced pH inside the red blood cell. Of value to those studying gas 
transport in the newborn infant and its mother are the nomograms for fetal 
and maternal O2:—COz dissociation curves, together with the Rahn-Fenn 
O.— CO, diagrams (260) for the same by Edwards & Ross (92). In a study 
on pregnant goats and their fetuses, Kaiser & Cummings (143) found pH 
consistently higher in maternal than fetal blood, and the calculated Pco2 
lower, the latter possibly being an apparent effect attributable to differ- 
ences in pK’ on either side of the placenta. Methods for determining oxy- 
hemoglobin include a modification of the Nahas spectrophotometric cuvette 
in which the depth is increased to 1 mm. and the light changed to red (660 
my) and infrared (805 mu) (191); use of a similar cuvette with a new hemo- 
lytic agent, ‘“‘Triton x-100”’, for measuring oxyhemoglobin (82); modification 
of an oximeter cuvette to measure arteriovenous saturation difference (122); 
and a simple reflectometer (213). A new method for anaerobic collection of 
blood samples has been described (95). 

Carboxyhemoglobin.—Joels & Pugh (142), determined carbon monoxide 
dissociation curves for whole blood for the first time since the experiments 
of Douglas, Haldane and Haldane, in 1912, and found 2 to 5 per cent greater 
carboxyhemoglobin saturations for a given Pco in the 65 to 90 per cent 
saturation range. Of interest is their new information regarding relative 
affinity of hemoglobin for O2 and CO, expressed in the 1912 study as the 
ratio M of Poz to Pco which would convert half the hemoglobin to oxyhemo- 
globin and half to carboxyhemoglobin, essentially no reduced hemoglobin 
being present. The quantity M now proves to be a different constant from 
the ratio, termed M*, of Poz to Pco required to produce 50 per cent satura- 
tion of hemoglobin, as determined from the respective dissociation curves. 
The presence of reduced hemoglobin in the latter situation accounts for the 
difference. By coincidence, the numerical value of M* lies near that for M, 
ranging from 230 at pH 7.15 to 260 at pH 7.5. Haldane’s second principle, 
which states that the dissociation curve for O2 and CO coincide if the Poe 
scale= M times Pco, does not strictly hold even if the new constant M* 
is used, though Haldane’s first principle still applies, i.e.: 


HbCO _ MPco 
HbO; Po» 





if essentially no reduced hemoglobin is present. A dramatic consequence of in- 
jecting pure CO intraperitoneally in dogs [Wilks (270)] is a rise in intraperi- 
toneal Po, to nearly three times the normal arterial value as a result of the 
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approximately 200-fold greater affinity of hemoglobin for CO than for Oz. 
The latter is driven from the capillaries of the peritoneum as the blood in 
them becomes 100 per cent saturated with CO. The tolerance to CO known 
to develop following prolonged exposure was found by Wilks et al. (272) to 
result solely from the observed increase in hemoglobin, the latter increasing 
the time required to reach a given CO saturation and, at a given CO satura- 
tion, leaving more hemoglobin to combine with Oz. Accuracy of determina- 
tion of maternal hemoglobin by the CO equilibration method was found to 
be affected by only 1 to 2 per cent, even after 30 min. equilibration, because 
of slow fetal uptake (107). 

Carbonic anhydrase—Carter & Clark (47) noted an increase in pulmo- 
nary ventilation in dogs 30 and 90 minutes after inhibiting carbonic anhy- 
drase by acetazoleamide (Diamox). A fall in end-tidal Pco2, appearance of 
an “apparent” alveolar-arterial Pco, gradient (up to 20 mm.), and an in- 
crease in arterial acidity, caused presumably by diuresis of alkaline urine 
and by CO; retention, also occurred. Inasubsequent study (48), they found 
a greater than normal ventilatory response to hypoxia following acetazole- 
amide (possibly attributable to the arterial acidity) and a marked fall in end- 
tidal Pco, which led to an increase in the partial pressure of oxygen in ar- 
terial blood equivalent to about 5000 ft. of altitude. Confirmatory evidence 
for CO, retention, suspected though not proven by these authors, was ob- 
tained in a study in dogs by Mithoefer (182), who focused on the unsteady 
state immediately after injection of acetazoleamide. During the resulting 
hyperventilation, blood respiratory exchange ratio fell instead of rising, and 
unloading of CO: stores was below normal. Similarly, when the drug was 
injected while holding alveolar ventilation at its control value by arti- 
ficial ventilation, PAco, fell markedly, the exchange ratio fell, and net CO 
retention occurred for about 30 min. The primary defect, it is concluded, is in 
the erythrocyte and leads temporarily to failure of removal of CO, from the 
tissues because of delay in its conversion to bicarbonate in the absence of 
enzyme. Elimination of CO2 does not equal its production until the Pco: of 
tissues and venous blood has risen, as evidenced by a rise in Pcoz of gas in 
subcutaneous air pockets after acetazoleamide (183). A greater than normal 
share of the total CO, is then carried in the dissolved or carbamino form. 
Mithoefer points out that the Pcoz of blood within the body cannot be cal- 
culated by the Henderson-Hasselbalch equation or measured by in vitro 
bubble techniques because of disequilibrium between CO: and carbonic acid. 
Therefore, apparent gradients between arterial PcOs, measured in vitro, 
and Pco: of end-tidal samples do not actually exist. Although tissue Pco: is 
above normal, PcO2 of capillary plasma is actually low, because of reduced 
elimination from erythrocytes and of hyperventilation. Confirmatory evi- 
dence is found in data of Carter & Clark (48) for an animal breathing air. 

Gas tensions.—The partial pressure of CO2 in mixed venous blood has 
been determined bysmonitoring Paco, by an infrared analyzer during re- 
breathing. Defares (81) plotted its exponential rise and Griggs et al. (118) 
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allowed equilibration of inspired and venous carbon dioxide after rebreath- 
ing a CO>s-enriched mixture, arterial Pco, being assumed to be 6 mm. less 
than venous. The Krogh-Riley bubble method for Pcozg and Po: in blood 
has been further modified (9, 65). It was found that Pco2, Pos, and PNe ex- 
tracted from biological fluids including plasma can be analyzed by gas 
chromatography (209). A Stow CO, electrode and a Clark O» electrode are 
available in a compact unit (238). Polarographic electrodes for measuring 
Po2 have been implanted by Clark et al. (54) and by McLaurin et al. (175) 
in brains of cats, by Urbach & Noell (262) in tumors, and by Inch (141) in 
various tissues. The Fry gas analyzer has been modified for student use 
(253), the Scholander apparatus to determine CO, only (158); and bedside 
analyzers for CO: have been developed (196a, 210). For anesthesia, equa- 
tions for predicting O2 concentrations in semi-closed systems are presented 
(100), and techniques are described for storage and analysis of gas or blood 
samples containing N2O (196). 


Basic FUNCTIONS OF LUNG 


Ventilation.—The regulation of ventilation having been discussed previ- 
ously, measurements of ventilatory function, chiefly clinical, will be described 
briefly. New standard ventilatory data include those for normal children 
age 5 to 17, lung volumes correlating best with height (129), and those for 
median altitudes (5800 ft.), the static lung volumes equalling those at sea 
level. Maximum breathing capacity was 6 per cent higher (? decreased air 
density), minute volume 30 per cent greater, and arterial oxygen saturation 
only 93.5 per cent, the latter differences relating to low Pog in inspired air 
(112). Dynamic ventilatory tests are receiving increasing emphasis, whether 
expressed as maximal expiratory flow, as measured by a portable ‘‘Puff- 
meter” (113); as timed expiratory capacity, which normally bears a constant 
relation to forced vital capacity, the ratio falling in obstructive disease (180); 
or as an airway resistance, maximal expiratory pressure being divided by 
maximal expiratory flow or maximal breathing capacity (173). However, 
Shephard et al. (244), who have used a modified bellows spirometer for tests 
in the home, ascribe limited usefulness to maximal expiratory pressure be- 
cause of a 25 per cent daily coefficient of variation. One cannot help wonder- 
ing whether determination of maximal expiratory pressure in patients with 
pulmonary disease is not a potentially dangerous procedure, in view of the 
finding by Schaefer et al. (231) of air embolism in normal dogs when intra- 
tracheal pressure reached only 80 mm. Hg. Ventilation has been evaluated 
in a variety of pulmonary diseases. Infants surviving the hyaline membrane 
syndrome had a higher respiratory frequency early, and increased oxygena- 
tion and arterial pH later, than non-survivors (179). Pathological studies of 
hyaline membranes implicated an obstructive element (67). In patients with 
poliomyelitis, values of inspiratory capacity obtained by inflation with 30 
cm. H,O pressure were significantly less than the near normal values ob- 
tained in healthy subjects, because of a decrease in compliance, cause un- 
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known (249). In tuberculosis, the ratio of residual volume to total lung ca- 
pacity was consistently increased, as a result of both increase in residual vol- 
ume and decrease in vital capacity (30, 198, 255). Thoracoplasty following 
pneumonectomy failed to prevent distention (255). In one series, vital ca- 
pacity was reduced only 18 per cent by bilateral pulmonary resection (277). 
Vital capacity was also reduced in various forms of heart failure (119) and 
in mitral stenosis, sometimes by 75 per cent, the reduction being correlated 
with degree of cardiac decompensation (88) or with pulmonary artery pres- 
sure (103). In a monograph from Holland, Bink (28) evaluates physical work- 
ing capacity of patients with mitral stenosis, finding a 20 per cent increase 
following valvulotomy. Hypoventilation continues to be a problem in sur- 
gery, particularly on the chest, causing an average fall in arterial pH of 0.1 
unit in 14 of 30 patients studied by Hood & Beall (135). Linderholm & Nor- 
lander (164) found metabolic acidosis, with or without respiratory acidosis, 
in general anesthesia for general surgery but not in spinal anesthesia. A 
method for measuring blood pH continuously during hypothermic cardiac 
surgery is available (8) and should be useful in preventing hypercapnia. A 
new spirometer with high-frequency response providing accurate maximal 
breathing capacity values at rapid rates of breathing has been devised (251) 
after tests showed the inadequacy of existing equipment (268). Details on the 
portable bag spirometer used on the Australian aborigines have been pub- 
lished by Scholander & Jensen (234). Hall & Salzano (123) measured maximal 
inspiratory and expiratory stroke volumes by having the subject breathe 
through a tube into a large closed tank, volume being determined in terms of 
pressure change. 

Dead space.—Several recent studies have added to our comprehension of 
this very alive topic, which, though related to every one of the basic func- 
tions of the lung, is not strictly one of them. Nunn, Campbell & Peckett 
(197) have determined, by introducing water into the airways in cadavers 
and by using the Fowler CO, appearance technique in living subjects, values 
for intrathoracic dead space of 0.43 times body weight and for extrathoracic 
dead space, measured from a point 6 mm. above the carina (the naso- 
pharynx being excluded), of 0.55 times. Thus, tracheotomy can reduce dead 
space by 55 per cent. Flexing the neck and depressing the jaw decreased 
dead space by 31 ml.; extending the neck and protruding the jaw increased it 
by 40 ml. 

Calculating alveolar ventilation rate and thus physiological dead space 
by substituting values for Vco2 and arterial Pco, in the ventilation equation 
for COs, according to the Enghoff-Rossier method, which should give the 
same value as the Bohr equation using arterial PcOs, De Coster et al. (80) 
found that though dead space rose markedly during exercise, both in normal 
subjects and in cardiopulmonary disease, to as high as 725 ml. in emphy- 
sema, Va/VE increased in all individuals, indicating greater ventilatory 
efficiency. A similar observation was made by Ulmer & Lechner (261). They 
found that dead space determined by Pcoz of end-tidal samples increased 
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with increasing tidal volume to three or four times control value in normal 
subjects, though the ratio of dead space to tidal volume decreased. With in- 
creasing speed of expiration, anatomical dead space by the Fowler method 
increased to double at 0.5 1./sec., and during breath-holding, dead space 
measured by the two methods decreased exponentially to half control values 
at 30 sec. The latter phenomenon, though probably caused partly by diffu- 
sion between alveolar and dead space gases as indicated by the work of 
Altshuler (7) referred to under ‘‘Distribution’’ below, was also undoubtedly 
related to fluctuations of up to 2 per cent in COz concentration of gas col- 
lected from main-stem bronchi in human beings and dogs, which occurred 
synchronously with the heart beat (260). These served to mix alveolar with 
dead space gas, permitting maintenance during apnea of normal blood levels 
for both O2 and CO, for periods up to 8 min., when O2 was introduced by 
catheter below the carina. In a study of physiological dead space by Pitte- 
loud (205), respiratory frequency was varied widely for each of several levels 
of activity, Va being assumed constant for each. Plots of VE vs. frequency 
at each Voz were straight lines of the form: VE=Va+Vp- frequency, y 
intercept representing Va and slope dead space. Slopes were greater with 
increasing Voz, indicating greater dead space, but linearity of curves for each 
Voz suggested constant dead space, even with wide variations in tidal vol- 
ume. This is at variance with finding of others (239) of increase in both ana- 
tomical and physiological dead space with increasing tidal volume, and the 
author himself suspects that the y intercept may have included alveolar dead 
space as well as Va alone. Another aspect of dead space has been demon- 
strated in two imaginative studies. Riley et al. (216) found that physiologi- 
cal dead space, determined from arterial PcOe, rose by an average of 83 ml. 
as normal subjects changed from the supine to the upright posture, chiefly 
as a result of increase in alveolar as opposed to anatomical dead space. The 
POs venous admixture gradient being slight, the conclusion is that blood flow 
to alveoli in the apex of the lung has virtually ceased, because of drop in 
capillary pressure. Evidence of a similar phenomenon was provided in a dif- 
ferent manner by Gerst, Rattenborg & Holaday (108). Physiological dead 
space in dogs increased from 74 to 120 ml. during hemorrhage and returned 
toward normal after reinfusion of the blood. Pulmonary vascular resistance 
was found to rise above its control value, remaining elevated even after rein- 
fusion. The increase in dead space must, it is concluded, be attributable to 
unequal ratios between alveolar ventilation and pulmonary capillary blood 
flow. Complete closure of certain capillaries is postulated, arising from fall 
in the pressure within them to below the critical closing pressure of Burton. 
The failure of Gilbert e¢ al. (109) to find a general critical closing pressure in 
perfused dog and cat lungs is not necessarily evidence against the preceding 
conclusion, since cessation of perfusion in a diffuse, patchy fashion might not 
be detectable. 

Distribution of inspired gas.—The mechanical, as opposed to the diffusion 
component of intrapulmonary mixing has been evaluated in a new way by 
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Altshuler et al. (7). Concentration of 4 uw aerosol particles, with a diffusion 
constant one-millionth that of a gas, was measured by light scattering during 
pulmonary washin and washout. In a theoretical analysis of the data similar 
to that for an inert gas, aerosol exchange volume proved to be only one-third 
of total lung volume, and aerosol residual volume was only one-tenth of 
functional residual capacity. Thus, the mechanical component of intrapul- 
monary mixing is small relative to that for diffusion. In another study, when 
time available for diffusion-equilibration of inspired gas in normal subjects 
was shortened by increasing expiratory flow rate, difference in N2 concentra- 
tion of early and late portions of alveolar plateau of single breath- Ne» elim- 
ination test increased, an effect related also to uneven filling of respiratory 
units [Kjellmer (150)]. Analysis of intrapulmonary mixing by closed circuit 
helium technique has been described by Orinius & Stahle (199), the helium 
dilution delay averaging 70 seconds in emphysema. With an open circuit 
method, Bouhuys et al. (34) found that it made no difference in uncompli- 
cated emphysema whether the washout curve was plotted in terms of volume 
of Nz eliminated per breath or, more conveniently, as end-tidal concentra- 
tion. ‘“‘Senile’’ and ‘‘postural’’ emphysema were said not to be clinical entities 
(204) and experimental emphysema in rabbits was described (21). 
Ventilation/ perfusion ratios.-By making the tentative assumption that 
blood is evenly distributed to the lung, Briscoe (37, 38), working alone and 
with Cournand (39), has developed a new means for predicting alveolar- 
arterial O2 and CO, gradients using data from standard blood-gas analyses 
and from washin and washout curves for an inert gas. From the latter, 
rates of ventilation of portions of the lung and size of fractions so ventilated 
are determined according to the method of Fowler, Cornish, and Kety, 
modified so concentrations are plotted against time rather than breaths. 
Data are presented as, for example: ‘‘normal lungs behave as if half their 
volume was half as well ventilated as the rest of the lung, emphysematous 
lungs ...as if three-fourths of the lung was only one-fifth to one-tenth as 
well ventilated as the remaining quarter.’’ Assuming even perfusion, ventila- 
tion/perfusion ratios may now be calculated for each group of differently 
ventilated alveoli (37). Saturation of capillary blood leaving that group 
is next determined graphically. Saturation of mixed blood from different 
groups of alveoli is calculated by a process involving the solution of si- 
multaneous mixing equations, and alveolar-arterial Po: gradient is obtained. 
By similar operations, Pco, of mixed expired alveolar gas may also be esti- 
mated, permitting calculations of the alveolar-arterial Co, gradient. The 
alveolar-arterial Po2 gradients predicted as outlined were fairly close to 
those calculated from the alveolar equation (38). Values obtained by the 
latter method in presence of uneven ventilation/perfusion ratios may be 
underestimated, because of an alveolar-arterial Pco»s gradient of up to 15 
mm. In four emphysema patients studied, the observed alveolar-arterial 
PO: gradient exceeded the predicted; this could be explained by a small ana- 
tomical shunt. However, in four others the predicted exceeded the observed 
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which, subject to the uncertainties in measuring the latter, could only mean 
that poorly ventilated alveoli were underperfused with blood, an example of 
the circulatory compensation for under-ventilation postulated much earlier 
by Comroe. Further evidence for this comes from Soderholm & Werko (248) 
who, in addition to observing a fall in pulmonary artery pressure in mitral 
valvular disease following intravenous acetylcholine, found a drop in arterial 
O; saturation which they attributed to opening up by vasodilatation of com- 
pensated areas of uneven ventilation/perfusion. Evidence for regional in- 
homogeneity in ventilation/perfusion was obtained by Bechtel (19) by 
sampling alveolar gas from bronchi in dogs. Lowering of arterial O2-satura- 
tion in cardiac failure was attributed by Carroll (46) to uneven ventilation/ 
perfusion, and the latter was considered in studies by Motley (187, 188) to 
be the primary cause of hypoxemia in patients with chronic pulmonary dis- 
ease, diffusion difficulty being seldom responsible. The fall in arterial oxygen 
saturation following pulmonary resection, with lowest values on the second 
and third postoperative days (average 89.5 per cent), observed by Siebecker 
ei al. (246), may well have been caused by uneven ventilation/perfusion. In- 
crease in alveolar-arterial Po gradient in patients breathing 100 per cent Oz 
after ether anesthesia for general surgery was considered evidence for venous 
admixture arising from atelectasis by Gordh et al. (115). A Poe gradient un- 
der these circumstances is more typical of an anatomical shunt than of an 
uneven ventilation/perfusion as pointed out by Berggren (25). Pulmonary 
embolism may be diagnosed in patients without emphysema by a test based 
on the principle that a gradient will exist between arterial and end-tidal CO2 
resulting from uneven ventilation/perfusion (217). 

Diffusion—By showing it was possible to separate resistance to diffu- 
sion of gases across the lung into a membrane and a blood component, each 
of which could be measured, together with Vc, volume of red cells in pul- 
monary capillaries, Roughton & Forster (224) and their colleagues have 
opened up a new era. The principles of their method are explained simply 
in a paper by McNeill, Rankin & Forster (176). Single-breath diffusing ca- 
pacity Dico is determined at several inspired O2 tensions; and 6, rate of up- 
take of CO by red cells at a given mean capillary Po», the value of which 
falls at higher Pos, is determined from previous data (224). When 1/DL 
(ordinate) is plotted against 1/6, the y intercept of the resulting linear curve 
equals 1/Dm, the membrane resistance, and the slope equals 1/@Vc, the 
blood, or intracapillary resistance, from which Vc is determined. In this 
investigation, DM for eight normal subjects averaged 64 ml./mm./min., Vc 
97 ml., confirming earlier work (224). In patients, corresponding values were: 
pulmonary fibrosis, 16 and 41; pulmonary hypertension, 35 and 65; pul- 
monary congestion, 46 and 195; and pulmonary emphysema, 35 and 103. 
Using the Roughton-Forster method with minor modifications, Lewis et al. 
(159) obtained consistently higher values for DM in resting normal subjects 
(average 98 ml./mm./min.), but similar data for Dico (28) and Ve (65 ml.). 
Small changes in Vc, rather than technical or analytical differences, were be- 
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lieved to explain the difference, value of Dm being very sensitive to such 
changes in normal subjects. During exercise, DM rose from an average of 70 
to 100, Vc from 64 to 76. In a rigorous theoretical analysis of diffusion of O2 
into the red cell, Mochizuki & Fukuoka (185) define a reaction capacity for 
O: (or CO) with the red cell, which appears to differ slightly from 6 for O: (or 
CO) of Roughton & Forster (224) though expressed in the same units [ml. O2 
(or CO)/ml. blood/mm. partial pressure gradient]. The reaction capacity for 
O, decreases to zero with increasing oxyhemoglobin and reaction capacity 
for CO decreases with increasing Po. These authors come to the rather 
startling conclusion that Bohr’s method measures chiefly rate of combination 
of O2 with hemoglobin inside the red cell rather than rate of diffusion across 
the membrane. They also disagree with Roughton and Forster’s view that 
the membrane of the erythrocyte offers a greater resistance to diffusion than 
the interior. In this they are supported by a theoretical analysis by Thews & 
Niesel (258, 259) of data obtained using an ingenious experimental tech- 
nique involving measurement of uptake and release of O2 by layers of 
red blood cells only 5-6 uw thick. They concluded that the membrane does 
not significantly delay the transfer of Oz and, further, that O2 exchange of 
the red cell is a diffusion process, reaction not being a limiting factor. The 
latter concept was supported by the ingenious experiments of Carlsen & 
Comroe (45) who, utilizing the principle that nitric oxide combines almost 
instantaneously with hemoglobin, measured its rate of uptake by red cells 
in a modified Roughton reaction velocity apparatus. Though diffusion across 
the cell membrane as opposed to diffusion into the hemoglobin could not be 
measured separately, together they imposed a considerable resistance as 
shown by the fact that NO entered the cell no faster than CO. Surprisingly, 
their uptakes were little affected when the normally biconcave erythrocytes 
were rendered spherical by heating or hypotonicity, though surface area de- 
creased 40 per cent and intracellular diffusion distance doubled. The “‘re- 
spiratory efficiency” concept for biconcave shape thus appears untenable. 
Diffusion was slowed by shrinking the cells with hypertonic saline. Mochi- 
zuki’s group found in dogs (184) a reduced diffusion capacity measured by a 
modification of Bohr’s original method, both with anemia and with increas- 
ing alveolar Po2 as predicted from the relation of reaction capacity to oxy- 
hemoglobin (185). Similarly, a decrease in Dio, caused by fall in @ for Ox, 
from a tentative value of 1.5 with reduced hemoglobin to 0.2 with partly 
oxygenated, was postulated earlier by Roughton and Forster. Since calcula- 
tion of DLo, by the Lilienthal-Riley method is based on the assumption that 
it is unchanged by changes in mean capillary oxyhemoglobin, Mochizuki 
et al. suggest calculating Dito, by the Bartels-Rodewald method (14). They 
conclude, for dogs’ lungs, that membrane diffusion resistance is only about 
one-fourth that of red cell resistance rather than about equal to it, a view 
which is supported by the data of Lewis et al. (159). If the data are at all 
comparable, a difference exists between the conclusions of Mochizuki’s group 
regarding initial Po, and rate of diffusion and those of Niesel et al. (194) 
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using a new rapid spectral analyzer; the latter investigators found rate of 
transfer of O2 in or out of the red cell to be almost independent of the Pos 
inside the cell, provided O: is rapidly supplied or removed from the surface. 
In a theoretical analysis of pulmonary Oz diffusion, Visser & Maas (266) 
have derived an empirical formula which describes quite accurately the O2 
dissociation curve. The equation proposed by Bohr is then integrated 
mathematically, by graphical solution of the resulting exponential inte- 
gral. Of particular interest is the new concept of diffusion/perfusion 
ratios DL/Qc (in which Qc refers to pulmonary capillary blood flow), 
for analyzing diffusion in areas with different DL values. Comparable to 
that of ventilation/perfusion ratios, the Dt/Qc formulation indicates that 
the effective diffusing capacity is always smaller than the sum of the in- 
dividual capacities. Simultaneous comparison of the Lilienthal-Riley O2 
diffusion method and the Filley steady state CO method was carried out 
by Shepard and colleagues (240) who measured cardiac output by the radio- 
iodine indicator dilution technique in normal subjects. Here Dio, had risen 
to a plateau (‘‘maximal diffusing capacity”) by the time cardiac output 
reached 70 per cent of its maximal value, but Dico, higher during hypoxia 
than normally, continued to rise with increasing oxygen consumption and 
cardiac output. Direct comparisons of different methods for measuring the 
same process, in this case diffusion, either in a given laboratory or by inter- 
laboratory collaboration as was done earlier by Riley’s and Forster’s groups, 
should help resolve many of the observed discrepancies in respiratory data. 
The unique procedure known as “‘partitional respirometry”, introduced by 
Hatch and Cook, whereby effective ventilation, effective diffusing capacity, 
and effective pulmonary blood flow may theoretically be calculated from 
simultaneous uptake curves for three gases was evaluated by Shephard (241) 
who concludes that though it may prove its worth in diagnosing pure alveolo- 
capillary block and in field surveys, its inherent complexity will limit its use. 
In a further study on partitional respirometry, Shephard (242) found that 
inhalation of 1 to 5 per cent COz produced a temporary apparent decrease 
in Doo, and a significant increase in physiological dead space, arising presum- 
ably from increase in range of ventilation/perfusion. An electrical analogue 
computer was developed to analyze the effects of such inequalities. Linder- 
holm (163) found that diffusing capacity, measured by the Filley method, 
was a limiting factor in exercise only in alveolo-capillary block in which 
Dtco was 5 and 9 during rest and exercise, with a mean Po, gradient of 71 
mm., as opposed to values of Dtco of 26 and 46 in normal subjects, with a 
mean gradient of 50 mm., no plateau being reached for Dico. It was found 
that Dtco was low in half of a group of patients with mitral stenosis (103), 
was low in pulmonary hypertension (174), and was reduced on an average of 
20 per cent by pulmonary resection for tuberculosis (156). Curtis et al. (72) 
modified the Krogh-Forster method by substituting N2 for He, CO in air 
being inhaled after O2 breathing. Williams & Zohman (273), by assuming a 
value for arterial Pco2 or dead space for the Filley method, found resulting 
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data to be within 25 per cent of true values and in a later article (278) em- 
phasized the clinical usefulness of Dco. 

Pulmonary circulation.—T he papers of the 1958 International Conference 
on the Pulmonary Circulation (1) and the review by Donnet & Ardisson (90) 
provide a wealth of material on this rapidly moving subject. A totally new 
approach to the mechanics of the pulmonary circulation in rabbits has been 
made by Engelberg & DuBois (94). Compliance of the entire vascular tree 
was determined by both static pressure-volume measurements and also dur- 
ing continuous infusion of fluid. With the isolated lungs in a small! plethysmo- 
graph, volume of perfusion fluid leaving the arterial tree to enter tlie capil- 
laries was measured by means of N,O uptake from the alveoli. Difference be- 
tween volume of fluid entering and leaving gave the increment of fluid in the 
arterial tree, permitting determination of compliance of the latter when in- 
crement in pressure was known. Compliance of the venous system was calcu- 
lated similarly by retrograde perfusion via the pulmonary vein. Lycopodium 
spores were then injected so as to plug arterioles, and subsequently venules, 
in order to calculate compliance of large arteries and veins. The data indi- 
cate that only 25 per cent of the total pulmonary vascular compliance resides 
in the arterial tree, 10 per cent being in the larger arteries, whereas 60 per 
cent is in the venous system, 45 per cent being in the venules, leaving only 15 
per cent of the total in the capillaries. From previous anatomical data, equa- 
tions were then developed for estimating the size and number of blood ves- 
sels in the rabbit lung, and the relation between vessel diameter and length. 
From these and the compliance data, the inertance of the blood (mass ac- 
celerated with each heart beat) in the pulmonary circuit and the impedance 
of the latter (in dynes Xsec. Xcm.~5, same units as for pulmonary vascular 
resistance) were calculated. Impedance was lowest at a frequency of 260/ 
min., close to the average heart rate of 200/min. Thus, the arterial system is 
underdamped and permits transmission of pulsatile flow even into the capil- 
laries, though the pulsations are damped out by the high compliance and re- 
sistance of the capillaries, pulmonary venules and veins, and the left atrium. 

Pulmonary vascular resistance and factors affecting it have demanded 
a great deal of attention. First, resistance is affected by mechanical factors, 
lung inflation in particular. Frank et al. (102) found vascular volume at given 
vascular pressure to be greater when the lungs were moderately distended 
than when either deflated or markedly distended, which suggests a balance 
between a tendency of pulmonary distention to expand the blood vessels 
and of increasing airway pressure to collapse them. The same conclusion was 
reached by Simmons & Hemingway (247) who, during pneumothorax in 
dogs, found an increase in pulmonary vascular resistance which they consid- 
ered a mechanical effect caused by decrease in lung volume. With complete 
atelectasis, Peters et al. (202) and Benfield et al. (23) found 10 to 15 per cent 
of the cardiac output went through the collapsed lung. When the latter 
was later reinflated by removing the experimentally stenosed bronchus and 
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anastomosing the ends, only 1 per cent shunting occurred, showing ade- 
quate reaeration (23). 

Second, drugs influence pulmonary vascular resistance. Evidence for in- 
creased resistance because of active vasoconstriction was obtained in man 
by Patel et al. (201), following intravenous norepinephrine; in dogs by Daly 
and Luck (74); and in cats by Barer & Gunning (12) following injection of 
the sympathomimetic amine BW45/50. Decreased resistance and vaso- 
dilatation of pulmonary vessels were observed by the latter authors to occur 
in cats and dogs following theophylline ethylenediamine injection; by Alex- 
ander et al. (4) in three out of seven emphysematous patients after racemic 
epinephrine inhalation; by Soderholm & Werko (248) in mitral stenosis after 
injection of acetylcholine; and by Wood (276) in all forms of pulmonary hy- 
pertension following administration of acetylcholine. 

Third, reflex vasoconstriction may influence pulmonary vascular re- 
sistance during local or general hypoxia or as a result of changes in pressure 
in the lesser circulation, though this is a highly controversial subject. Shift- 
ing of blood away from a unilaterally hypoxic lung occurred in three out of 
five normal subjects according to Himmelstein ef al. (133). Since pulmonary 
artery pressure rose during unilateral hypoxia in two patients with de- 
nervated lungs, it was suggested that sympathetic nerves were not involved. 
Rise in pulmonary vascular resistance as evidenced by rise in pulmonary 
artery pressure by 25 to 100 per cent over control values, without increase 
in cardiac output, was observed in dogs by Boake et al. (32). However, dur- 
ing perfusion of the right atrium with well oxygenated blood, there was a 
much smaller rise in pulmonary artery pressure, suggesting mediation of the 
response by receptors for hypoxia located in capillaries as well as air passages. 
Hypoxia and hypocapnia in dogs produced rises in pulmonary artery 
pressure and also in systemic arterial pressure which tended to be transient 
and not systematically related to degree of hypoxia or hypercapnia (36). 
Whether pulmonary vascular resistance increased was not clear. Ramos 
& Rudomin (207), confirming an increase in pulmonary vascular resistance 
during hypoxic ventilation of a lung, noted weight gain of the lung and 
concurrent microscopic changes, indicating early extravasation of fluid 
from capillaries with change in caliber of the latter, together with decreased 
lung compliance. These authors state that the direct effect of hypoxia 
on the lung is vasodilatation, with increase in number of active capillaries, 
active pulmonary vasoconstriction occurring only when hypoxia, by affect- 
ing the organism as a whole, causes vasoconstriction reflexly via sympatho- 
adrenal activity. Further evidence for reflex vasoconstriction as a result 
of stimulation of another sort was provided by Sanger et al. (229) who 
found a rise in pulmonary vascular resistance in the right lung as a result 
of distending the vascular tree of the left lung with saline. Following thoracic 
sympathectomy and resection of thoracic vagus nerves, rise in resistance 
did not occur. Daly & Luck (73) found equivocal changes in pulmonary 
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vascular resistance, not necessarily caused by reflex activity, following 
raising of pressure in the isolated perfused carotid sinus. Patients with 
the highest pulmonary vascular resistance preoperatively had the greatest 
decrease after mitral valvulotomy, according to Semler, Shepherd & Wood 
(237) who attributed it to a decrease in tone of the smooth muscle of the 
pulmonary vessels. During exercise the tone was increased, as evidenced 
by a rise in resistance, caused, it was believed, by non-nervous local re- 
sponse of smooth muscle to pressure changes or to local nervous reflexes 
resulting from increased pressure in pulmonary veins or left atrium. Some 
type of active vasoconstriction was also postulated in the pulmonary hy- 
pertension sometimes seen in mitral stenosis (88). Nevertheless, Shepherd 
& Wood (245) are cautious about assigning a definite cause to the vascular 
“‘tone”’ believed to exist in the pulmonary bed. In an article entitled ‘‘The 
Passivity of the Pulmonary Vasculature’, Rodbard & Harasawa (221) take 
a diametrically opposite view to those who believe in a variable pulmonary 
vascular ‘‘tone’’, after finding no change in pulmonary vascular resistance on 
administration of 10 per cent Og, and no shunting of blood away from a lung 
insufflated with pure Ne. In spite of their findings, the weight of evidence 
favors the existence of pulmonary vasoconstriction as a result of hypoxia, 
stimulation of vascular receptors by distention, or other mechanisms. Atrio- 
venous receptors which might be affected by atrial pressure changes during 
respiration (59) might be involved in reflex pulmonary vasoconstriction, 
though they and other pulmonary vascular receptors probably do not play 
a role in sinus arrhythmia, the aortic and carotid baroreceptors more likely 
being responsible (169). Structural changes in the pulmonary vascular bed 
resulting from cardiac septal defects and leading to elevated pulmonary 
vascular resistance were analyzed in two papers by Heath et al. (127, 128), 
and experimental production of such changes in dogs by aortopulmonary 
anastomosis was described by Heath, Donald & Edwards (126). Markedly 
increased pulmonary vascular resistance was observed by Farid et al. (96) 
in patients with pulmonary schistosomiasis as a result of an endarteritis 
obliterans. 

Rigorous mathematical analysis of the Fick principle for measuring not 
only cardiac output but also the fraction of total pulmonary flow arising 
from collateral circulation through bronchopulmonary anastomoses was 
developed by Fritts & Cournand (104), and collateral flow was measured by 
Fishman et al. (99). Flows up to 8 per cent were reported by the latter auth- 
ors following long-term pulmonary artery ligation and chronic pulmonary 
disease but not with long-term pulmonary carcinoma or short-term ob- 
struction. Evidence for collateral flow was obtained in a different way by 
Cudkowicz (69) during occlusion of a pulmonary artery by a balloon on a 
catheter. Precapillary bronchopulmonary anastomoses were found not to be 
a part of normal lung structure though they may develop after chronic pul- 
monary disease or prolonged occlusion of the pulmonary artery. 
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Pulmonary distention and pulmonary edema have received some atten- 
tion. Altschule & Iglauer (6) found exaggeration of periodic breathing in pa- 
tients with cardiac failure during recumbency, and Tenney (257) observed 
a shift of blood, as determined by shift in center of gravity of the body of 
about 150 ml. from the lower extremities to the thorax during recumbency. 
Mechanical factors in the formation of edema were studied by Hughes, May 
& Widdecombe (136). In perfused rabbits’ lungs, edema fluid collected slowly 
at transmural pressures between 20 and 30 mm. Hg and very rapidly between 
30 and 40 mm. Explanation for the surprisingly high protein content of 
edema fluid (4.7 g./100) in these experiments may be found in the electron 
microscope studies of Kisch (149) done on normal lungs and during acute 
pulmonary edema. Swelling and vacuoles in capillary endothelium were ob- 
served in edema, and ruptured capillary walls permitted blood to leave or 
enter alveoli. No central neural mechanism other than the vagal nucleus 
could be specifically implicated in vagotomy-induced pulmonary edema in 
guinea pigs, according to Borison & Kovacs (33); a humoral mechanism was a 
possibility as indicated by studies with parabiotic animals. 

Methods for studying the pulmonary circulation include use of radioac- 
tive krypton to measure cardiac output in the steady and unsteady state 
(53), the gas diffusing freely across the lung and being washed out much as 
No is (136). Left atrial pressure has been measured in man by puncturing the 
interatrial septum with a flexible needle passed through a cardiac catheter 
(222). Occlusion of a pulmonary artery by catheter balloon has been used 
clinically to determine contribution to venous admixture of a diseased lung 
(50). 

New books pertaining to respiration include the monumental new Hand- 
book of Respiration [Altman, Gibson & Wang (5)]; a new book by Heymans 
& Neil on presso- and chemoreceptors (132); one by Campbell on the respira- 
tory muscles and the mechanics of breathing (43); an investigation of the 
right and left lungs by bronchospirometry by Bergan (24); and new editions 
of Rossier’s book on normal and pathological physiology of the lung (223), 
of Davenport’s Acid-Base-Chemistry (78), of Morehouse’s Physiology of Ex- 
ercise (186), and of Karpovich’s Physiology of Muscular Exercise (146). 
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HEART! 


By A. Sipney Harris 
Department of Physiology, Louisiana State University, New Orleans, Louisiana 


Carpiac MUSCLE AND NERVES 

An interesting anatomic study of a whale heart weighing 256 pounds 
(116 kg.) and of a fetal whale heart weighing 1.6 kg. has appeared. The fetal 
heart had a bifid ventricular structure like that of the adult manatee, but 
the adult whale heart had a single apex (1,306). Typically striated fibrils have 
been found in large numbers of myoblasts prior to the first heart beat in the 
chick embryo (2). 

Mazzella et al. (3) described two kinds of staircase phenomena, one of 
which acts quickly and is quickly exhausted and another which grows lin- 
early with time of continued stimulation at optimal frequency. In the cat 
papillary muscle Abbott & Mommaerts (4) found that the positive inotropic 
effect produced by shorter intervals between stimuli (staircase effect) oc- 
curred without lengthening but frequently with shortening of the duration of 
the active state. Velocity of development of tension was increased (262). 
Pathak (5) reported that, within limits, an increase in intraluminal pressure 
of isolated mammalian atria resulted in positive inotropic and chronotropic 
responses. Arrhythmias were observed in some preparations. A globulin from 
the plasma of patients with essential hypertension has exhibited positive 
inotropic effects in frog hearts (6). 

The percentage inhibition of contractile force of rabbit atria resulting 
from controlled stimulation of the vagus nerves has been correlated with 
rates of liberation and removal of mediator substance (7). Vagus nerve stimu- 
lation can induce rhythmicity in rabbit atria that have been stopped by low 
temperature. This excitatory effect was abolished by atropine, but added 
epinephrine was still effective. In quiescent cat atria, vagal stimulation ap- 
parently liberates epinephrine-like substance as well as acetylcholine (8). 
Vagal effects in frog hearts were partially blocked by reducing the tempera- 
ture to 14°C. and completely abolished at 10°. The effects returned upon 
rewarming (9). In deep hibernation the vagal cardioinhibitory mechanism 
in hamsters was inexcitable. Its responsiveness was closely linked with 
mineral and hormonal content (10). 

The effect of vagal stimulation upon the refractory period of the dog 
atrium varied widely at different locations (11). The effects of vagal stimula- 
tion in isolated rat heart-vagus preparations were augmented by physostig- 
mine and ouabain and opposed by hexamethonium and atropine. Effects of 
acetylcholine and physostigmine suggest an inhibitory effect of acetylcholine 
below the atrioventricular node (12). The origin and course of the cardioac- 
celerator fibers in the dog have been traced in detail by isolation and stimula- 
tion of rami while recording the ECG effects (13). 


1 The survey of literature pertaining to this review was concluded in May, 1959. 
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The contraction tension of glycerinated myocardial fibers was found to 
be unchanged by variations in ATP concentration from 5X10~4 M to 1X10™ 
M. Widely varying Nat, Kt, and C1~ concentrations also had relatively 
little effect (14). In glycerol-extracted bundles Mg** at a concentration of 
2X10-? M inhibited hydrolysis of ATP and promoted contraction. It was 
found that 10-? Jf Ca** inhibited contraction but accelerated ATP hydrol- 
ysis. The contractile phenomenon is a complex of two reactions, one of which 
promotes contraction and the other relaxation (15). 

Actomyosin bands prepared from human hearts of patients with conges- 
tive failure exhibited significantly less tension development than bands pre- 
pared from normal human hearts. Digoxin failed to correct this defect but 
was effective when combined with calcium chloride (16). The high-energy 
phosphate content of failing guinea pig atria was quantitatively undimin- 
ished as compared with control or strophanthin-K-treated atria. Anoxia 
decreased both the contractile strength and the high-energy phosphate con- 
tent, the fall in creatine phosphate being greater than that of ATP (17). 
High-energy phosphate remained constant in the guinea pig heart-lung 
preparation through anesthesia and acute anoxia as long as normal compe- 
tence remained. Metabolic inhibitors which induced myocardial weakness 
diminished creatine phosphate in parallel degree. Reduction of ATP was 
much less marked (18). 

Evidence of supernormal ventricular conduction was found in patients 
with atrial fibrillation and bundle branch block in that QRS deflections of 
shorter duration occurred after shortened R-R intervals (19). In rat hearts 
that were hypertrophied by reduced atmospheric pressure and increased 
environmental temperature, the contents of myoglobin, mitochondria, and 
contractile protein II 6 were increased (20). Increased glycogen was found in 
rat hearts that were hypertrophied as a result of exercise (21). Hypertrophy 
has been produced in rat hearts by anemia caused by administration of 
phenylhydrazine. The hypertrophy was not prevented by thiamine (22). 

Electron microscopic observations of ischemic rat myocardium showed 
swelling of the mitochondria and sarcoplasmic reticulum followed by in- 
creased lipoid droplets and myolysis. Membranes were broken down after 
four to five hours when myofilaments became indistinct and striations were 
lost (23). Kisch (24 to 26) has reported new electron microscopic descriptions 
of nerve filaments in cardiac muscle. The high pain sensitivity is linked to 
the rich nerve supply of the capillaries. 


REFLEX AND CENTRAL NERVOUS CONTROLS 


Rushmer & Smith (27) reviewed factors controlling heart performance, 
particularly the increase in cardiac output that accompanies physical exer- 
cise. Although an increase in initial length of muscle, within limits, augments 
the force of contraction, the contention is made that the integrative function 
of the nervous system is the primary controlling agency in making cardiac 
adaptations in the intact man or animal. Increase in heart rate was found to 
be a more constant and more prominent factor than increase in stroke vol- 
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ume in the production of an increased minute volume in exercising dogs (401). 
Leusen ef al. (28) found circulatory adaptations to exercise in trained dogs 
to be similar to those of men. 

Aviado & Schmidt (29) presented evidence of reflex bradycardia and 
vasodilatation originating in pressoreceptors, believed to be in the wall of the 
left ventricle. Gilfoil (30) searched for arterial pressoreceptors in the arterial 
tree at locations other than the carotid sinus and aortic arch with negative 
results. Graded direct stimulation of the carotid sinus nerve in man by 
Carlsten et al. (31) produced reflexes that appeared to be identical with find- 
ings in animal experiments. Priima (32) found that swallowing caused an 
increase in heart rate in normal human subjects. The change was greatest 
in children, and small or absent in persons over sixty. Vasoconstriction ac- 
companied the acceleration. Occlusion of the coronary sinus was found to 
initiate a depressor reflex which is dependent upon vagal pathways. The 
pressoreceptors are presumed to be located principally in the vascular sys- 
tem of the left coronary artery (33). Depressor reflex reactions caused by 
administration of veratrine and amidine depend upon intact vagus nerves 
but those caused by diphenhydramine and ethyl acetoacetate did not (34). 
In dogs with artificial ventilation, hypoxic stimulation of the carotid bodies 
invariably caused a profound bradycardia which occurred independent of 
changes in arterial pressure but required intact carotid-vagal reflex path- 
ways. In dogs with spontaneous respiration, chemoreceptor stimulation 
caused an increase, decrease, or no change in the heart rate. The tachycardia 
that occurs is attributable at least in part to lung afferent excitation (35). 
The predominant response to increased pressure in the right heart was a fall 
in systemic arterial pressure and heart rate, but this vagally mediated reac- 
tion occurred only when the pressure in the proximal part of the pulmonary 
artery was raised to the point where the right heart seemed unable to main- 
tain its output. The Bainbridge reflex concept was not supported (36). 

The mean acceleration of the human heart arising from exercise at rates 
up to a steady state oxygen uptake of 2000 ml./min. reached maximal levels 
within 5 min. At higher work rates the increase in heart rate was no longer 
related to work rate, but a continued slow acceleration with exercise paral- 
leled a slowly rising temperature (37). Observations upon sinus arrhythmia 
in human subjects led to the conclusion that the rate changes are correlated 
with blood flow variations through the pulmonary circulation in such a way 
that a decrease in flow accompanies an increase in heart rate and vice versa. 
More substantial evidence is needed (38). An extensive study of the effects 
of eyeball compression as manifest in the ECG has been reported (39). The 
carotid sinus syndrome in man and its treatment have been reviewed (40, 
41). 


CARDIAC CONDUCTION 


Support for the concept of special conducting pathways in the atria has 
appeared. Takayasu et al. (42) placed ligatures in strategic locations in the 
atria of beating dog hearts in situ, or made cuts in atria of excised dog 
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hearts and recorded conduction time intervals. Changes observed indicated 
that rapidly conducting bundles course from the region of the sinoatrial node 
to the region of the atrioventricular node, from the sinoatrial node to the 
left atrium (Bachmann’s bundle) and from the sinoatrial node to the right 
atrial appendage and to the inferior part of the right atrium. The conduction 
system from the sinoatrial to the atrioventricular node apparently consists 
of three pathways converging near the eustachian valve. The most im- 
portant one courses in the taenia terminalis from the head of the sinoatrial 
node. Intracellular microelectrode studies in rabbit atria also have demon- 
strated the spread of excitation along definite pathways, particularly the 
sinoatrial ring bundle which describes almost a complete loop around the two 
vena cavae and the coronary sinus (43). One extremity ends in the coronary 
sinus region near the atrioventricular node. Conduction velocity in this 
bundle and the crista terminalis is significantly greater than in adjacent 
muscle overlying the superior vena cava. The sinoatrial ring bundle may not 
be a specialized conducting system, but the advantages that such a system 
would provide are enumerated. The regions of atrial tissue showing pace- 
maker activity were mapped. New reports of atrial dissociation and fibrilla- 
tion of one atrium in human patients suggest a possible disturbance of con- 
duction in the interatrial bundle (44, 45, 402). 

Multiple intracellular microelectrode recordings by Hoffman et al. (46) 
have revealed a significant delay in transmission of excitation in the atrio- 
ventricular system only in the atrial portion of the atrioventricular node. 
On either side of this junctional band, conduction velocity is about 0.8 to 
1.0 m. per sec. Within this area the apparent velocity falls to 0.05 to 0.02 m. 
per sec. The action potential is low in amplitude and the upstroke is slow 
and often is notched. Scher et al. (47) and Sano et al. (48) also found that the 
slowest transmission is in the atrionodal junction and that conduction ap- 
pears to be continuous. The addition of /-norepinephrine to the Tyrode 
solution increased the rate of rise of the first step and of other parts of the 
action potential. Procaine, digitalis, and quinidine retarded all phases (48). 
Scher’s (47) observations of the echo phenomenon in retrograde stimulation 
are consistent with the concept of a dual conduction system with some cells 
in the atrionodal bridge completely refractory while other cells are capable 
of conduction. Transmission across the atrionodal region was found to be 
labile and especially susceptible to block. No evidence of vulnerability was 
found between the atrioventricular node and the atrioventricular bundle 
(49) or between the bundle and the ventricle (50). By direct stimulation of 
the dog’s heart after eliminating the cardiac innervation and adrenals and 
crushing the sinoatrial node, Rosenblueth (51) found that many animals ex- 
hibited unusually long A-V or V-A latencies. Changes in the stimulus inter- 
vals often caused abrupt shortenings to the usual values or produced alterna- 
tions between long and short latencies. It is inferred that long and short 
processes or paths exist for A-V and V-A propagation. Ventricular echoes 
probably are a result of the successive activation of the rapid and slow proc- 
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esses by experimental adjustments of stimulus intervals (47, 52, 185). 

In a review, Marriott et al. (53) defined and tried to clarify the term inter- 
ference-dissociation and its physiologic significance. Bix & Marriott (54) 
described atrioventricular dissociation resulting from the relative timing of 
discharging atrial and ventricular pacemakers, and the ‘“‘zone of potential 
interference”’ has been discussed. Castellanos ef al. (55) reported dissociation 
with interference between pacemakers located within the atrioventricular 
conduction system. 

Theories upon the mechanism of the Wolff-Parkinson-White syndrome 
have been presented and discussed again by Wolff (56). Partilla (57) reports 
its occurrence in cases of chronic myocarditis. Grayzel (58) discussed differ- 
entiation of this syndrome from myocardial infarction. Harnischfeger (59) 
reported the occurrence of the pre-excitation syndrome in five individuals in 
three generations of the same family, including identical twin girls. 

Weirich et al. (60) described a method of ligating the atrioventricular 
bundle in the dog. Dogs and patients with heart block were maintained with 
adequate cardiac outputs by stimuli applied via a wire electrode implanted 
into the right ventricle. Patients with the Stokes-Adams syndrome showed 
striking improvement within a few hours after injections of corticotrophin. 
They had failed to respond to atropine and adrenergic drugs (61). Iso- 
proterenol (Isuprel) was found effective in converting transient complete 
heart block or 2:1 block to normal sinus rhythm with some ectopic com- 
plexes (62). Of twelve cases of congenital complete heart block studied with 
right heart catheterization, four had congenital left to right shunts. In the 
other eight no additional congenital defect was demonstrated (63). In ex- 
perimental right bundle branch block, endocardial spread of excitation in 
the right ventricle was found to be slowed, and conduction through the 
Purkinje network was either absent or greatly altered (64). Rosenblueth 
(65) demonstrated in special preparations (51) that in the dog paired stimuli 
with progressively shortened intervals found a limiting stimulus interval 
beyond which the interval between the first and second response remained 
constant. This constancy is considered a result of delay in the initiation of 
the second response in cases where both stimulus and response are in the 
auricle or both in the ventricle. For A-V or V-A propagation the stop occurs 
in the intermediate conducting tissues and is attributed to a functional re- 
fractory period. It is inferred that the Wenckebach-Luciani cycles, as dem- 
onstrated in similar preparations (66), are caused by the modulation of two 
frequencies, that of the stimuli and that determined by the longest refrac- 
tory period of the conducting elements. 

The relative activation times of points on the ventricular surface of the 
guinea pig’s hearts were explored by microelectrode recording (67). The 
velocity of conduction in cardiac tissues was found more rapid in the direc- 
tion of the longitudinal course of the fibers than in a direction transverse to 
the fibers (68, 69). 

Lumb et al. (70) have described the two principal arteries of the dog heart 
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which supply branches to atrial and ventricular septal regions that contain 
the atrioventricular conducting tissues and have reported the results of 
ligating each of these arteries, and both together (113). 


CARDIODYNAMICS 


The uses and limitations of angiocardiography as a means of determining 
the architectural basis of cardiac function, its contents, and its action from 
moment to moment have been analyzed in an editorial by Soloff (71). 

The measurement of effects of experimental atrial tachycardia in the 
dog upon cardiac output, arterial pressure, and coronary blood flow by two 
groups of investigators (72, 73) yielded discordant results possibly arising 
from differences in anesthesia, surgery, and the use of different frequency 
ranges. Ventricular tachycardia produced greater depression of all functions 
than did atrial tachycardia at a corresponding rate (72). Cardiac oxygen con- 
sumption and carbon dioxide production were increased by atrial tachy- 
cardia, and efficiency was reduced (73). Excitation of cardiac sympathetic 
nerves in the dog increased the force of contraction and augmented arterial 
pressure pulses. Isometric contraction was shortened, and the rise of the 
ejection phase was steeper. The increase in systolic pressure was greater than 
in diastolic (74). Duomarco & Esponda (75) reported that, with other condi- 
tions constant, the mechanical energy of contraction expressed by the pres- 
sure-time area depends upon the end systolic volume—a new law of the heart. 

Controlled circulation experiments by Rodbard et al. (76) suggest that 
myocardial performance and oxygen consumption are determined primarily 
by the tension in the heart, assuming that the heart has a spherical shape. 

Samet et al. (77, 78) found that the rise of pressure in the two ventricles 
of the dog was synchronous within 0.02 sec. in 30 of 31 hearts. When extra- 
systoles were produced mechanically in the right or left ventricle, small 
statistical differences in response times on the basis of stimulus location were 
found, but the differences were much less than the calculated conduction 
times from the respective stimulated points to the opposite ventricles. 

Evidence that the caval orifices narrow during atrial systole but do not 
close has been reported (79). No correlation was found between the changes 
in right atrial pressure (considered as a measure of right ventricular filling 
pressure) and right ventricular stroke work in patients with mitral stenosis 
who were “‘only slightly affected by the disease’’ (80). 

Volunteer patients without congestive failure, placed in a hot and humid 
room, showed a 35 per cent mean increase in cardiac output as compared 
with that of the same patients in a cool, comfortable, air-conditioned room. 
The left ventricle did more work in the tropical room in four of the five pa- 
tients, and the right ventricle did more work in three. The time-course 
curves of work and power were presented. The cool, comfortable room de- 
mands less energy output from the heart (81). 

Dogs with complete atrioventricular block showed a definitive relation 
between the P-Q interval and the systolic left ventricular pressure if the 
P-Q interval increased or decreased slowly at a regular rate. The pressure- 
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maximum plateau occurred at a P-Q interval between 0.1 and 0.2 sec. and 
decreased only slightly with somewhat longer P-Q intervals. The results 
suggest that the mitral valve closes passively during early atrial diastole and 
that this prevents rapid regurgitation of blood into the left atrium (82). 

Evidence that ventricular diastolic suction contributes to ventricular 
filling under certain experimental conditions has been reviewed by Brecher 
(83). The amount of the contribution which this diastolic frontal force makes 
to ventricular filling under normal physiological conditions is as yet un- 
known. With diastolic suction as the only filling force, dogs’ hearts have 
been able to pump blood against an artificially maintained arterial pressure. 
The suction effect was increased by epinephrine (84). Results that were sim- 
ilar in principle were obtained with turtle hearts by Kraner (85). 

A simple electrokymographic system has been described. In spite of fre- 
quency limitations, it has recorded accurately the dimensional changes 
which were reflected by dimensional transducers in situ (86). 


HEART SOUNDS 

A new and comprehensive monograph on cardiovascular sound by 
McKusick (87) has appeared. This excellent book includes history, anatomy 
of the cardiac structures most involved in sound production, and physical, 
physiological, and clinical considerations. 

Dock (88) has studied the forces of cardiac sound production by experi- 
mentation with excised chordae tendinae, valve leaflets, and strips of heart 
muscle. Relatively little force is required to evoke loud sounds from chordae 
and leaflets when they are drawn taut under water, although large forces are 
required to evoke sounds from strips of heart muscle. Sounds are greatly 
attenuated in air, but slightly in blood. The maximal attenuation by a nor- 
mal right ventricular wall was 20 per cent, and that of an intact chest wall 
was 65 per cent. Luisada et al. (89) recorded sonic frequency vibrations from 
the cardiac chambers, the aorta, and pulmonary artery through the column 
of fluid of the cardiac catheter. Magri et al. (90) recorded direct epicardial 
phonocardiagrams in 75 patients. The intensity of sound at the cardiac sur- 
face is 5 to 20 times that at the precordium. Low-pitched vibrations are pref- 
erentially filtered out by the thoracic wall. 

The diagnostic validity and usefulness of the Q-first sound interval and 
of the second sound-opening snap of the mitral valve interval have been 
studied (91 to 93). Systolic clicks or systolic gallop sounds (94) have been 
analyzed, and extra heart sounds produced by movements of a cardiac 
catheter across the valvular orifice were described (95). The gallop of mitral 
insufficiency has been differentiated from the sound effect of the opening 
snap of mitral stenosis by recording precordial (apex beat) wall movements 
(96). 

CARDIAC OUTPUT 

Methods for the determination of cardiac output continue to advance 
with modern instrumentation. Radioisotope dilution techniques using I'* 
without arterial sampling have proved successful, with proper precautions. 
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The choice of placement of detectors has been given detailed study, and 
methods of achieving relative independence of placement are described (97 
to 99). The electromagnetic flowmeter has been applied to the measurement 
of blood flow in the ascending aorta and other large arteries (100). Cardiac 
output has been determined by dye dilution methods with oximeters em- 
ploying photoelectric earpiece detectors (101, 102). A close correlation has 
been reported between cardiac output and the Rb® concentration reached 
in plasma during an infusion. Useful estimates of cardiac output in man are 
said to be obtainable from a single specimen of arterial blood (103). Biplane 
cinefluorography offers a tedious but potentially accurate technique for 
measuring ventricular stroke volume (104). 

The cardiac output (Fick) of pentobarbitalized dogs becomes relatively 
stable one hour after induction of the anesthesia, but low correlations with 
body weight and with surface area were found (105, 106). Two cardiac out- 
put measurements 15 min. apart in each of 167 cardiac catheterizations 
showed a median deviation of 8.6 per cent, using radioiodinated serum 
albumin and external detection devices (107). Measurement of the change 
in cardiac output resulting from the Master’s two-step exercise test has 
been proposed as another clinical measurement of cardiac function (108). 

Guyton et al. (109) found that a small increase in venous resistance de- 
creased cardiac output in the dog by a factor eight times as great as that 
which resulted from an equal increase in arterial resistance. Blood transfu- 
sion transiently increased venous return in all experiments and at all initial 
right atrial pressures. Hemorrhage decreased venous return for prolonged 
periods (110). Cardiac output in rabbits was diminished within 5 min. by 
shock waves in a detonation chamber (111). 


CORONARY CIRCULATION 


The fine structure of rabbit coronary arteries has been described from 
electron micrographs (112). James & Burch (113) described the atrial coro- 
nary arteries in man. The largest is the ramus ostii cavae superioris which sup- 
plies the sinoatrial node. It arises from the left coronary artery in 39 per cent 
of cases studied and from the right in 61 per cent. A specific artery supplies 
the region of the atrioventricular node, arising from the right coronary artery 
in 83 per cent (70). The other arteries to the atria are small and variable. 
Wolfe (114) has described variations in the origin of the septal artery in 
the dog heart. Three types of capillaries in the dog’s coronary circulation 
have been described. They resemble the capillaries of the rest of the systemic 
circulation (115). Bellman & Frank (116) have presented an open-chest 
method of coronary angiography for study of dog hearts. 

Aronova & Maeva (117) reported that painful and intense auditory 
stimuli cause an increase in coronary flow which sometimes is preceded by a 
transient decrease. Control of the coronary circulation by autonomic nerves 
and nerve mediators continues to be studied with variable results (118 to 
123). Scott & Balourdas (124) have warned against spurious correlations in 
literature on coronary flow. 
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Anastomosis of the left atrial appendage with the main pulmonary artery 
in a series of dogs produced richly abundant coronary arterial anastomoses 
sufficient to protect the animals against the usually lethal effect of ligation 
of the left circumflex artery at its origin. The hypoxia produced in arterial 
blood is presumed to be the stimulus for the opening of collateral channels 
(125). The experimental ligation of the internal mammary arteries of dogs 
failed to produce evidence of protection against the effects of coronary 
artery ligation (126, 127). The application of this procedure to patients also 
failed to produce lasting improvement in severe coronary disease (128). X- 
irradiation of the dog heart protected against subsequent coronary ligation 
(129). 

Coronary atherosclerosis and previous coronary occlusion were present 
in 90 per cent of hearts of a series of patients with angina pectoris who died 
of noncardiac causes (130). 

White (131) has summarized the results of epidemiological studies of 
atherosclerotic heart disease in relation to dietary habits in a number of 
countries with populations that differ widely in racial and cultural heritage 
and modes of living. In Delhi, the incidence of coronary atherosclerosis is 
highest in the high income groups. This is positively correlated with per cent 
of fat in the diet and with body weight (132). Myocardial infarction is very 
rare in the Bantu (133), but the incidence among American negros is said to 
be similar to that of the general population when age, sex, and other known 
modifying factors are accounted for (134). 

Myocardial infarction, fibrosis, and dilatation of the hearts of dogs have 
been produced by multiple coronary embolization with plastic beads (135). 
Within five minutes after ligation of a coronary artery in the rabbit’s heart, 
myocardial glycogen disappeared and there was clumping of the nucleoplasm 
and other changes. Irreversible changes occurred after 30 min. of ischemia 
(136). In myocardial infarction patients, Gazes et al. (137) found an increase 
in plasma catecholamines, especially norepinephrine. A positive correlation 
was found between norepinephrine and transaminase levels. An increase in 
norepinephrine occurred also in angina pectoris patients after exercise. 
Aarseth & Lange (138, 139) reported that in a large series of cases of fatal 
cardiac infarction with autopsies, the incidence of hemopericardium and 
myocardial rupture in the group receiving anticoagulants was about twice 
as large as in the control group. Freundlich & Sereno (140) collected a 
number of cases of atrial infarction and added two of their own. The condi- 
tion may not be as rare as previously was supposed. 

Experimental coronary thrombosis observations in dogs (141) suggest 
that plasmine therapy may reopen thrombotic occlusions. Complete lysis 
of coronary thrombi occurred in four animals within 3 to 7 hr. The pharma- 
cologic approach to coronary insufficiency has been reviewed by Krantz & 
Ling (142). Khellin reduced coronary blood flow in intact dogs (nitrous 
oxide method) without significantly changing the arterial pressure or cardiac 
output (143). 

Voluntary breath holding was found by Gross (144) to offer a simple and 
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useful anoxemia test for angina pectoris when used in conjunction with the 
ECG. 


METABOLISM 


Metabolic factors involved in cardiac contractility have been summar- 
ized thoroughly in a monograph edited by M. M. Gertler (145). It is the re- 
sult of a conference on metabolic factors in cardiac contractility held by the 
New York Academy of Sciences, March 18 and 19, 1958. This conference 
brought together clinicians, physiologists, biochemists, and biophysicists 
“to generate and promote new concepts concerning congestive heart failure.” 
After the introduction, this abnormal state is directly examined in only a 
minority of the papers. The subjects reviewed are ions (Griffith; Leaf; Over- 
man; Muntz); carbohydrate metabolism (Racker & Gatt; di Sant’ Agnese; 
Utter); energy generation (Grisolia) ; energy conservation (Olsen & Piatnek); 
electron transport (Singer); oxidative phosphorylation in muscle mitochron- 
dria of normal and failing hearts (Siekevitz; Plaut & Gertler); structural and 
functional changes in cardiac muscle mitochrondria (Packer) ; chemical ther- 
modynamics and molecular mechanism of muscle (Podolsky); muscle pro- 
teins and energy utilization (Gergely); and myocardial efficiency (Bing & 
Michal). 

Effective techniques have been described for forward and retrograde per- 
fusion of the coronary system with histochemical estimates of cytochrome 
oxidase, succinic dehydrogenase, and glycogen (146, 147). A flow raie of 
5 ml. per kg. (body weight) per min. was found to be maximal for the uptake 
of glucose during perfusion in both directions, but retrograde perfusion at 
this and higher rates produced cardiac edema. The optimal rate of retro- 
grade flow was 3 ml. per kg. per min. Cytochrome oxidase activity was 
highest in the ordinary muscle of the left ventricle and lowest in the Purkinje 
fibers. Glycogen concentration was much greater in the Purkinje fibers than 
in ordinary heart muscle. After 30 min. of ischemia, produced by clamping 
the venae cavae and aorta, cytochrome oxidase and glycogen were severely 
decreased in ordinary ventricular muscle; but both were decreased only 
slightly in Purkinje fibers. Succinic dehydrogenase activity was hardly 
changed at all in the 30 min. of circulatory deprivation. When the rhythmi- 
cally contracting dog heart was arrested, the oxygen usage declined to a 
minimal or basal rate which is slightly less than that of the fibrillating or the 
empty beating heart. Oxygen usage above the arrested heart level is pri- 
marily determined by external work, and the efficiency of the beating heart 
is higher than previously estimated (148, 149). The arrested dog heart per- 
fused in situ with blood maintained control levels of oxygen usage for 2 to 
23 hr. after interruption of the coronary circulation and then declined. 
Oxygen usage of tissue slices declined much more rapidly, being only 40 per 
cent of the control rate after one hour (150). Arrest by potassium chloride 
produced significant changes in capillaries, erythrocytes, and connective 
tissue (151). Experimental details of the Warburg technique must be opti- 
mally standardized if results are to be valid (152). 
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As arterial blood oxygen content decreased in open-chest experiments on 
dogs, the percentage of oxygen extracted remained constant, and coronary 
flow increased at a rate commensurate with the decreased arteriovenous 
oxygen difference. The ratio of oxygen consumed to that available remained 
normal and constant. The oxygen cost of external work and of cardiac 
effort was only slightly altered by anoxia (153, 154). 

In hibernating woodchucks the heart rate and oxygen consumption began 
to decline before the drop in body temperature. Entrance into hibernation 
is not strictly temperature dependent, and the animal’s vessels are dilated 
during this process (155). 

In rabbit atrial and nodal tissues, dinitrophenol and sodium azide de- 
creased the duration of the cellular action potential, the voltage of the resting 
potential, and rate of diastolic depolarization of pacemaker tissues. Introduc- 
tion of ATP at a concentration of 10-4 M caused significant recovery of 
electrical activity which had been inhibited by dinitrophenol in equimolar 
concentration (156, 177, 178). Webb & Hollander (157) found that the gen- 
eral pattern of effect of metabolic inhibitors on rat atrial membrane poten- 
tials was similar to that produced by anoxia, substrate depletion, and dini- 
trophenol. The alterations are fully tabulated. 

An interesting review of the pharmacology of cardiac glycosides by 
Staub (158) includes history and modern observations upon myocardial 
metabolism, membrane potentials, and renal mechanisms. Digitalis glyco- 
sides in concentrations 3000 times the effective dosage in man caused an in- 
crease in oxygen consumption of rat heart slices of 12 to 19 per cent (159). 
The effective dose in the dog has been reported to be only one to five times 
the human dose per kilogram. 

Thiosalicylate was many times more active than salicylate itself in the 
acceleration of phosphorylation uncoupling action in rat heart (160). It was 
found that sodium fluoride exerted a positive inotropic action without sig- 
nificant increase in oxygen consumption when in pyruvate, glucose, or sub- 
strate free medium; a negative inotropic effect was produced in an acetate 
medium (161). Various purine and pyrimidine ribosides produced a positive 
inotropic effect on frog ventricular muscle. When responding maximally to 
one compound, the contraction could be increased by the addition of another. 
Adenosine produced brief stimulation followed by depression, pure depres- 
sion, or no effect (162). 

Renal hypertension and cardiac hypertrophy did not change coronary 
blood flow or oxygen consumption in nonanemic dogs. A positive correlation 
was found between work and weight of the left ventricle. Anemia increased 
coronary flow and oxygen uptake (163). 

In myocardial ischemia following coronary occlusion, Sayen et al. (164) 
found diminution in contractility when the tissue pO, fall was 15 to 25 per 
cent, and epicardial electrographic changes after a 50 per cent fall. The first 
extrasystole often preceded local electrographic change. A polarographic 
technique was used for pO, determination. 

In experimental myocardial infarction, elevations of serum activity of 
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glutamic oxalacetic transaminase, glutamic pyruvic transaminase, and lactic 
dehydrogenase were found to occur consistently in decreasing order. The 
elevations were proportional to the concentration gradients between unin- 
farcted myocardium and serum. The substances bearing the enzyme activity 
apparently leak from the myocardium into extracellular fluid (165). Agress 
(166) found that the transaminase test was 96.9 per cent accurate in diagnosis 
of myocardial infraction. 


ARRHYTHMIAS 


A brief historic review of studies upon atrial fibrillation together with 
summaries of a number of chosen papers dating from 1827 to 1955 has been 
published by Bloomfield (167). Scherf & Schott (168) presented a hypothesis 
on the mechanism of origin of ectopic beats. Fox (169) has considered the 
mechanism of atrial fibrillation and flutter and reviewed pertinent aspects 
of cellular electrophysiology. 

Two outstanding contributions to the understanding of the nature of 
atrial arrhythmias have recently appeared. Cabrera & Sodi Pallares (170) 
brought forth strong evidence for the circuitous conduction mechanism in 
clinical atrial flutter by recording from multiple esophageal leads and multi- 
ple vertically placed precordial leads simultaneously. The ventral aspect of 
the atrial musculature is activated from above downward and the dorsal 
aspect is activated from below upward. Moe & Abildskov (171) have shown 
that atrial fibrillation which was initiated by electric stimulation or by 
aconitine can continue as a stable state, self-sustained and independent of 
its initiating agency. The experimental results reported are not consistent 
with a unitary hypothesis of atrial arrhythmias but are clearly explained in 
terms of multiple wandering coexisting irregular wavelets. 

In a review by Cookson (172) it has been pointed out that paroxysmal 
atrial fibrillation is of common occurrence in hyperthyroidism and that age 
plays a significant role. Chronic atrial fibrillation frequently accompanies 
mitral stenosis. Atrial fibrillation has been classified into three types char- 
acterized in terms of hypothetical mechanism and treatment (173). 

In experiments related to fibrillation of excised rabbit atria, the effects of 
temperature and varied concentrations of Nat, Kt, and quinidine upon the 
transmembrane flux of K* have been recorded (174). Increased K* in the 
medium far beyond the optimal level for production of atrial fibrillation 
hardly modifies the effects of acetylcholine upon K* efflux but enhances its 
effect on influx. This finding on efflux seems discordant with the thesis that a 
large transient efflux of K* is a major determinant of induction of atrial 
fibrillation by acetylcholine and repetitive stimulation. Other factors influ- 
encing the Kt exchanges upon addition of acetylcholine are reported (175). 

In experiments with excised dog hearts perfused with arterial blood and 
using K* as a tracer, a positive linear correlation between K* exchange and 
heart rate was found. A relative increase in K* flux occurred when the heart 
was arrested by high-serum K* or slowed by acetylcholine. In ventricular 
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fibrillation, K* flux was lower than expected, being equal to that of a beating 
heart with rate of 95 per min. (176). 

Quinidine in suitable concentration decreases the rate of rise of the trans- 
membrane action potential in atrial muscle and finally abolishes excitability 
and spontaneous rhythmicity. Acetylcholine restores the rapid depolariza- 
tion and the rhythmicity. These changes occur without alteration of the 
membrane resting potential (177, 178). It was suggested that acetylcholine 
restarts atria arrested by quinidine, cooling, or fatigue by an action on the 
sodium-carrying system (177). Benforado (179) has shown that acetylcholine 
has depressant effects on idioventricular pacemakers in rabbit hearts that 
have not been subjected to quinidine or other depressant procedures. It does 
not restore action in idioventricular pacemakers stopped by cooling. 

Vaughn Williams (178) regards the slowing effect of quinidine upon the 
rise of the action potential as a highly significant factor in the antiarrhyth- 
mic effect. Because of slowing of the rising phase, the effective refractory 
period of the tissue is prolonged, even though the absolute refractory period 
as measured by the appearance of local potential is unchanged. To enable a 
propagated response to occur, a minimal rate of rise of the action potential 
is necessary to overtake the process of accommodation. If the rate of rise is 
too slow no propagated impulse can develop; within certain limits of slowing 
of depolarization it can develop but only at a later, more nearly complete 
stage of repolarization. 

Subepicardial injection of a 20 per cent solution of sodium chloride in the 
area of the sinus node of the dog heart has produced atrial extrasystoles. 
Vagus stimulation then elicits atrial flutter or fibrillation lasting for a few 
minutes after the injection (180, 181). The excitation is attributed to the 
presence of an abundance of sodium. Osmotic effects were not considered. 
The hyperkalemia which follows an intravenous dose of epinephrine prob- 
ably does not contribute to the induction of the resulting arrhythmias (182, 
183). Melville (184) found that chlorpromazine prevented cardiac arrhyth- 
mias and fibrillation in chloroform-epinephrine experiments. It did not pre- 
vent arrhythmias resulting from posterior pituitary extract or ouabain. 

Kistin (185) reports that the reciprocal rhythm initiated by premature 
systoles probably involves dual atrioventricular conduction pathways and 
presents evidence in support of the concept (47, 51, 52). 

Two successive ventricular stimuli to the heart at different locations, 
administered within or just after the recovery period of the preceding response, 
produced only double ectopic responses in control trials; but norepineph- 
rine facilitated the production of multiple extrasystoles and fibrillation, as 
did a number of related compounds in smaller degree. Relatively specific 
blockade of adrenergic receptors with a new agent, 1-(3’,4’-dichlorophenyl)- 
2-isopropylaminoethanol hydrochloride (Lilly 20522), was reported (186). 

By application of single square wave stimuli to dog hearts via closely 
spaced (3 mm.) and constantly placed Ag-AgCl, electrodes, recovery was 
found to occur smoothly, showing no dips in threshold values nor vulnerable 
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periods when ventricular fibrillation could be induced by a single shock 
(187). 

Goodford (188) reports that the production of ventricular fibrillation in 
isolated rabbit hearts is favored by reduction in potassium concentration of 
the medium below 5.6 meq./I., by addition of metabolic inhibitors, and by 
prolonged omission of glucose. The effect is reversed by adding glucose, 
mannose, or sodium pyruvate but not lactate. Fibrillation may occur at 
37°C. and may be stopped by reduction of temperature to 32°. Saline pre- 
sumably carries insufficient oxygen to supply normal metabolic requirements 
at 37°; therefore, a relative hypoxia exists and this produces susceptibility to 
fibrillation. Epinephrine also predisposed to ventricular fibrillation. Adi- 
phenine and tetracaine are said to have stopped acetylcholine-induced 
atrial fibrillation by ‘‘quinidine-like’’ properties. Tetracaine exhibited 11.5 
times the potency of quinidine in slowing the maximal rate of response of 
atria to applied stimuli, but it had only one-eighth the potency of quinidine 
in abolishing atrial fibrillation. The lack of parallelism is notable (189). 
Atrial fibrillation is the most common arrhythmia following mitral valvu- 
lotomy operations (190). 

The injection of procaine into the region of the atrioventricular node 
protected against the development of ventricular fibrillation in dog hearts 
following coronary ligation. All of the dogs died, however, within 45 min. 
(191). 

Herrmann et al. (192, 193) reviewed the occurrence of paroxysmal ven- 
tricular tachycardia and paroxysmal supraventricular tachycardia. The 
basis of both arrhythmias was organic heart disease in 75 to 85 per cent of 
cases. Cases in which recurrent ventricular tachycardia was the chief mani- 
festation of myocarditis of unknown origin have been reported (194). The- 
ories of mechanism of bidirectional tachycardia and experiences in treating 
it have been discussed (195). 

In the hearts of dogs with ventricular tachycardia resulting from myo- 
cardial infarction, slow intracoronary injection of substances which were 
nonexcitatory in normal hearts often produced ectopic activity and ventricu- 
lar fibrillation when injected through the vascular bed of the occluded artery 
in infarcted hearts. These fluids (glucose, Locke’s solution) may have moved 
potentially excitatory substance from the infarct to regions of contact with 
responsive cells. Sodium lactate produced similar results in some instances, 
and in others it had an antiarrhythmic effect. Potassium excess produced by 
intracoronary injection was excitatory to both normal and infarcted hearts. 
Simultaneous administration of equal excess (in meq./I.) of calcium ions did 
not change the response to excess potassium ions (196). 

Intravenous infusion of a large dose of norepinephrine in the dog sensi- 
tized the heart to the arrhythmic effect of small test dose of catecholamines 
for two to four days. Fatty changes in the myocardium also were present dur- 
ing the hypersensitive period (197). 

In a brief review of the assay of antiectopic arrhythmia agents, Harris 
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(198) presented reasons why ventricular tachycardia produced in the dog by 
myocardial infarction provides a technique of superior validity as an index 
to probable medical usefulness: (a) the technique simulates one of the more 
severe and difficult-to-control clinical arrhythmias: (b) the arrhythmia is suf- 
ficiently persistent to make the effects of test substances certain, eliminating 
coincidence: and (c) the effects are recorded in the intact unanesthetized 
animal, making it possible to determine the therapeutic result relative to 
toxic reactions. 

Methoxamine hydrochloride was found effective in a variety of clinical 
and experimental arrhythmias including ventricular tachycardia caused by 
myocardial infarction (199). The gravity of ventricular tachycardia has been 
emphasized and frequent success with digitalis therapy reported. Failures 
and needed precautions in the use of quinidine and procaine amide are 
noted (200). 

Arora & Sharma (201 to 203) reported antiarrhythmic effects of a variety 
of agents in dogs with ventricular tachycardia resulting from myocardial 
infarction, and in re-entrant atrial flutter. In combination tests, quinidine- 
benactyzine and quinidine-alseroxylon produced potentiative synergism 
whereas quinidine-meprobamate exhibited additive synergism. Reserpine 
antagonized the action of quinidine (204). Jatamansone, a principle isolated 
from the oil of an Indian plant, was found to be more effective than quinidine 
in suppressing ventricular tachycardia following coronary occlusion, and ef- 
fective also in reducing re-entrant atrial flutter and atrial fibrillation caused 
by aconitine (205). Mephentermine was found effective against certain 
ectopic arrhythmias and ventricular alternation in patients. It also im- 
proved atrioventricular conduction in cases of first-degree heart block (206). 
Esperanza (207) reported that sparteine is a valuable aid in the resuscitation 
from ventricular fibrillation in patients and in dogs. Intravenous injec- 
tions of chloroquine have terminated aconitine-induced atrial fibrillation in 
dogs (208). The effects of chloroquine and quinidine upon the vascular 
system and upon the cat papillary muscle were reported. 

The reversion of atrial fibrillation to sinus rhythm in patients receiving 
digitalis has been observed frequently (209). Lanatoside-D is reported to be 
a safe and effective drug for the reduction of rapid ventricular rates in 
chronic atrial fibrillation and for the conversion of paroxysmal atrial ar- 
rhythmias to sinus rhythm (210). Reserpine effectively slows ventricular 
rate in atrial fibrillation after two to seven days. This effect is said to be 
abolished by atropine (211). Berman (212) and Weisman (213) have criti- 
cally discussed the clinical use of quinidine in atrial flutter and fibrillation. 
Bellet (214) has summarized recent advances in the treatment of cardiac 
arrhythmias. 

Connolly (215) reviewed the various forms of arrhythmias that have 
been attributed to digitalis toxicity in patients. Additional new reports upon 
toxic manifestations of digitalis action upon heart rhythm have appeared 
(216 to 218). A calcium-ion chelating agent NaEDTA terminated digitalis- 
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induced arrhythmias in some cases but was useless as a guide to degree of 
digitalization (219). Pulsus alternans and pseudo alternans were produced 
by several sympathomimetic drugs (220). 

Cases with atrial fibrillation in which coupled ventricular extrasystoles 
were precipitated only by ectopic ventricular beats have been reported. 
Coupled extrasystoles occurred in some instances during carotid sinus pres- 
sure with A-V block (221). Cases of atrial parasystole have been presented 
and discussed (222). Walker (223) induced conpling of ventricular ectopic 
beats with preceding normal beats by application of anodal or cathodal 
polarizing currents to dogs’ ventricles. With threshold anodal current, the 
ectopic beats occurred within or immediately after the T wave of the nor- 
mal complex. With cathodal threshold current coupling was induced with 
the extrasystoles occurring within the P-R interval, but independent of the 
atrial impulse. 

A variety of arrhythmias have been induced in man by common respira- 
tory maneuvers. It was assumed that stretch receptors in the pleura are in- 
volved in the reactions. Cardiac arrest and syncope sometimes occurred. 
This was preventable by atropine (224). 

Beck & Leighninger (225) reviewed the principles underlying resuscita- 
tion for cardiac arrest. They stress the necessity for prompt and vigorous 
action and warn against time-wasting procedures such as slapping the 
chest, application of an artificial pacemaker, and making ECG’s. The use 
of a defibrillator outside of the chest is not recommended because it may 
defibrillate the ventricles but leave the heart in a weak, useless condition. 
Hand pumping is essential along with other open-chest resuscitative meas- 
ures for which instructions are given. Goldberger (226) describes an external 
defibrillator, effective with 450 v. Wisely, it is stated that defibrillation 
within two minutes or less after onset is a necessary condition for success by 
this technique. Flagg (227) reviews basic principles of oxygenation in re- 
suscitation. 


SYMPATHOMIMETIC AND RELATED AGENTS 


Acute hypoxia, within limits, is accompanied by increases in myocardial 
contractile force, excitability, and arterial pressure. These changes result 
from excitation of the sympathicoadrenal system (137, 228, 229). The po- 
tentiation of contraction of cat papillary muscle and atrial appendage by 
shortened stimulus intervals or stimulation with mass electrodes was in- 
ferred to result from liberation of tissue norepinephrine. When acetylcholine 
potentiates, this also is via liberation of norepinephrine (230, 231). Arterial 
blood epinephrine (epinephrine catecholamine equivalent) levels in dogs 
were increased during early hemorrhage and reduced again to low levels 
before death in hemorrhagic shock (232). Infusion of norepinephrine in dex- 
trose into bled dogs had a protective effect against the lethal effects of severe 
hemorrhage (233). In extracorporeal circulation experiments in dogs, nor- 
epinephrine improved venous return, probably by increasing arterial and 
venous constriction and thereby decreasing vascular space. Increased per- 
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fusion of the cerebral and coronary circulations also may be inferred (234). 
Differences in arterial pressure and heart rate responses to slow infusions of 
norepinephrine and epinephrine have been reported (235). The inotropic ef- 
fects of 17 catechol isomers and related compounds have been compared and 
significant new data tabulated (236). 

The infusion of epinephrine or norepinephrine in dogs with fixed cardiac 
output resulted in increased oxygen consumption, arterial pressure, and 
heart rate, while cardiac efficiency declined. Coronary flow increased. The 
increases in arterial pressure and coronary flow were greater with norepineph- 
rine than with epinephrine (237). Reserpine in doses of 0.03 mg. and above 
given to the dog heart-lung preparation caused a heart rate increasing ef- 
fect similar to and probably caused by slow, long-lasting release of epineph- 
rine and norepinephrine. The effect appears to be attributable mainly to the 
latter which is the principal catecholamine liberated (238 to 240). 

A dichloro analogue of isoproterenol, DCI, selectively blocks the cardiac 
positive inotropic and chronotropic effects of adrenergic stimuli in hearts of 
intact dogs and isolated rabbit hearts. This substance blocks inhibitory re- 
sponses of other organs, and it is concluded that the adrenergic excitatory re- 
ceptors of mammalian hearts are functional homologues of the adrenergic 
inhibitory receptors of inhibited organs (241). Cocaine is said to cause super- 
sensitivity to norepinephrine by delaying its inactivation (242). 

Pathak (243) found both the excitatory and inhibitory effects of acetyl- 
choline on the frog heart to be antagonized by nicotine. Acetylcholine and 
nicotine acted similarly in restarting hearts that had stopped spontaneously. 
It was suggested that both act through the same responding mechanism in 
a competitive manner. 

In an editorial, Sjoerdsma (244) has directed attention to the importance 
of cardiovascular drugs which alter tissue levels of monoamines such as 
serotonin (5-hydroxytryptamine) and norepinephrine. References are given 
to studies upon the actions of monoamine oxidases and reserpine and to their 
applications. 


THYROID AND STEROIDS 


Cookson (245) has summarized the effects of hypo- and hyperactivity of 
the thyroid gland on the heart. Kleinfeld et al. (246) found that /-thyroxine 
and /-triiodothyronine have a positive chronotropic effect upon the isolated 
frog heart, but dl-thyronine does not. The results suggest that the differ- 
ences are related to the iodine atoms added to the thyronine nucleus in the 
active compounds. The excitability of the hyperthyroid rat atrium, as meas- 
ured by the strength-duration curve, was not significantly different from the 
normal in experiments by Whitehorn et al. (247). The refractory period was 
prolonged, and contractility was reduced at all levels of initial tension. Ovar- 
iectomy reduced tension development in excised surviving columnae carneae, 
and ATP treated glycerol-extracted fibers of rat hearts. The reduction in con- 
tractility was paralleled by decrease in actomyosin content. Treatment with 
alpha-estradiol restored contractility and actomyosin (248). 
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Van Arman & Drill (249) found that norethandrolone, testosterone, and 
progesterone depressed the amplitude of contraction of isolated rabbit 
hearts. Norethandrolone and progesterone had appreciable potency in abol- 
ishing circus-movement atrial flutter in dog hearts but were without effect 
on ventricular arrhythmias from coronary occlusion. 

Selye et al. (250 to 253) have described the experimental production of 
myocardial necrosis by administration of corticoids and certain sodium salts, 
or by other steroid-electrolyte combinations. The necrosis is said to be pre- 
ventable by potassium and magnesium salts. Thomas & Hartroft (254) pro- 
duced cardiac and renal infarcts by diets containing thiouracil, cholesterol, 
cholic acid, and butterfat or lard. Shimamoto et al. (255) produced myo- 
cardial lesions and arteriosclerosis by repeated administration of a bacterial 
polysaccharide followed by epinephrine. Magnesium chloride was effective in 
ameliorating the effects. 


Ions AND Ionic EFFECTS 


In a thorough review of electrochemical aspects of cellular action, Shanes 
(256) has indicated that every ion in the medium may play a part in deter- 
mining biologic potentials. For other review papers on ions see (145). Mel- 
ville & Korol (257) correlated actions of cardiac drugs with intracellular 
gains and losses of K*. There is a transient net loss and increased turnover 
following injections of sympathomimetic amines and aminophylline, and a 
net gain of Kt with increased turnover after acetylcholine and nitroglycer- 
ine. Much significance is attributed to K* disequilibrium. The pericardium 
has been used by Burch & Ray (258) as an experimental membrane for the 
study of the kinetics of electrolyte exchange. The rate of transfer of Rb® 
was greater than those of Na*4 and Cl which were approximately equal. 

Glaser & Brandt (259) found that heart muscle has 3 to 10 times as much 
concentrating ability for Mg?* as has skeletal muscle, and this property is 
exhibited most strongly in the interventricular septum. Acetylcholine, chol- 
inesterase, cholineacetylase, and Nat were found in highest concentration in 
the sinus venosus and in decreasing order in atria and ventricle. Potassium 
concentration was lowest in the sinus venosus and increased in order in the 
atrium and ventricle. It was proposed that intrinsic rhythmicity is directly 
correlated with acetylcholine metabolism and Na* content, and inversely 
related to Kt content and energy metabolism (260). 

Calcium and sodium ions are reported to be mutually antagonistic in 
their effects upon contractility, and tension production depends approxi- 
mately upon the concentration ratio between the two in the medium (261). 
Reiter (262) reports that the increase in contractile force induced by Catt 
and by strophanthin occurs via increased speed of activation, not by length- 
ening of the active state. It is argued that this is evidence that the inotropic 
effect is brought about by changing the properties of the membrane (4). 

Loss of K* by rabbit atrium until the membrane potential was about 60 
mv. led to cessation of beating in experiments by Goodford (263). Acetyl- 
choline restarted the beat and restored the membrane potential. Perfusion 
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of mammalian ventricular strips with low Nat perfusate by Déléze (264) 
reduced the amplitude and rate of upstroke of cellular action potentials and 
led to eventual loss of excitability without significant diminution of the 
resting potential. These results are regarded as supporting the Nat hypothe- 
sis. McElroy et al. (265) have reported the effects of changes in pH, carbon 
dioxide tension, and bicarbonate concentration on the action of guinea pig 
hearts. 


ELECTROPHYSIOLOGY 


In an editorial, Hecht (266) has briefly surveyed recent developments in 
electrophysiology, including transcellular potential gradients and certain as- 
pects of electrocardiographic theory. 

Transmembrane potentials recorded simultaneously from two points in 
a single cardiac muscle fiber indicate that during a period when repolariza- 
tion is about half complete, graded responses occur near the site of stimula- 
tion (267). The transition from the graded to an all-or-none response does 
not depend solely on the restoration of the membrane potential. Graded re- 
sponses were observed also when propagated action potentials served as 
stimuli, suggesting the possibility of graded activity in the intact heart. 
Transmembrane potentials have been recorded from human hearts at normal 
and hypothermic temperatures. The potentials were similar to those re- 
corded in experimental animals (268). 

Intracellular microelectrode potentials and action potentials of the rab- 
bit atrium were recorded at various frequencies and in extrasystoles. The 
slower depolarization and repolarization phases of action potentials elicited 
during repolarization and the increased latency were correlated with the 
height of the membrane potential (269). The transmembrane potentials of 
guinea pig hearts in ventricular fibrillation were found to be characterized by 
irregular action potentials of varying amplitudes. Records from two fibers 
near each other showed partial synchronism (270). 

The application of ATP to myocardial cells after depolarization by excess 
K* by Dudel & Trautwein (271) failed to confirm previous reports that such 
treatment may increase the membrane potential to a level in excess of the 
K* equilibrium potential. In another study (272) it was found that the di- 
astolic membrane resistance of rabbit sinus cells increases throughout di- 
astole. Calculations of the K* potential equilibrium indicate that the pro- 
gressive change in membrane resistance is caused by the change in K* con- 
ductance which falls during diastole. Trethwie & St. Clair (273) observed 

that the intracellular action potential is modified by leakage of K* following 
penetration by the electrode, and also by moderately increased extracellular 
K* concentration following injection. The principal changes are elevation 
of the base line, diminution of the action potential voltage, slower repolar- 
ization phase, and longer duration. Malinow (274) reported that insulin 
caused no change in the resting potential nor in overshoot of the action po- 
tential of rat ventricle, but shortened the duration of the repolarization 
phase. In complete ischemia of rabbit or dog myocardium, spontaneous mem- 
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brane action potentials persisted about twenty minutes. The duration of the 
action potential was reduced early, and its amplitude was progressively re- 
duced afterward. The latter is related to the lowered resting potential which 
is presumed to reflect injury to the sodium pump mechanism and possibly to 
cessation of oxidative phosphorylation because of anoxia (275). 

Electrocardiography.—Sodi Pallares et al. (276, 277) have analyzed the 
physical basis for understanding the unipolar morphologies, and by ex- 
amples they have shown that the unipolar record gives a wider range of diag- 
nostic information than has yet been obtained through vectorial analysis. 
A number of authors (278 to 282) have recorded direct epicardial leads from 
patients undergoing surgery and have made comparisons with precordial 
leads. Important dissimilarities in patterns were noted. Barbato et al. (283) 
studied the activation of the diaphragmatic surface by diaphragmatic juxta- 
cardiac leads in patients undergoing abdominal surgery. Brody et al. (284) 
analyzed the lead vector and lead field principles of esophageal electro- 
cardiography. They described a new bipolar esophageal electrode and dis- 
cussed its unique properties: it is more truly a proximity lead than is the uni- 
polar arrangement; it is sensitive to minor variations in the time course of 
atrial depolarization; and it facilitates accurate determination of timing and 
direction of atrial depolarization in situations in which this information 
would ordinarily be obscured by ventricular activation (285). Rubin e¢ al. 
(286) have applied esophageal electrodes to bring out atrial complexes in the 
presence of aberrant ventricular complexes. The placement of the electrode 
at the optimal level is necessary. 

Endocardial leads yielded unusual patterns in right bundle branch block, 
and correlations between precordial and endocardial morphologies were de- 
termined (287). 

Powell (288) reports that in three groups of African men in Natal, judged 
to be free of heart disease, ECG changes have been recorded which by the usu- 
al standards would be regarded as grossly abnormal. Woods & Laurie 
(289) found the ECG’s of the South African Bantu to be no different from 
those obtained in similar circumstances from other racial groups. Significant 
and long lasting changes in the ECG and in arterial pressure of curarized 
cats resulted from painful stimulation of the sciatic nerve in experiments by 
Il’'ina & Teplov (290). The difference in temperature across the ventricular 
wall is not an important factor in determination of the electric ventricular 
gradient (291). 

Principles and applications of fetal electrocardiography have been pre- 
sented and discussed (292, 293). False coronary patterns in infants have re- 
ceived careful analysis. A common cause seems to be acute diffuse myo- 
carditis (294). Electrocardiographic changes produced by ascent to high alti- 
tudes have been studied by Pefialoza et al. (295). The commonest cause of 
low voltage in frontal plane ECG’s is reported to be arteriosclerotic heart dis- 
ease (296). High voltage criteria for diagnosis of left ventricular hypertrophy 
are found to be of doubtful validity (297). 
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Variable myocardial oxygen gradients between ischemic and nonischemic 
regions are positively correlated with the height of the S-T elevation (298). 
Destruction of posterior arborizations of the left bundle branch in the dog 
heart produced deviation of the electrical axis to the right (299). Changes in 
ECG pattern during hemodialysis with the artificial kidney in most clinical 
situations were rarely associated with abnormalities in specific electrolyte 
concentration (300). The ECG in hyperparathyroidism has been reported 
(301). Hypertonic sodium chloride solution applied locally to the dog ventri- 
cle depressed S-T segments in the presence of abnormal elevation and in 
normal conditions. Elevations were increased both by hypotonic sodium 
chloride and by saline with excess potassium ions (302). 

The factors which affect the atrial complex of the ECG have been re- 
viewed by Abildskov (303). New ECG studies upon left ventricular activa- 
tion time in normal men (304) and in left ventricular hypertrophy and bundle 
branch block (305) have been reported by Wada. 

Tenney (306) has studied correlations between the ECG and the anatomy 
of the heart of the Florida manatee, a mammalian heart with anatomically 
separate ventricles except at the base along the atrioventricular junctional 
ring. 

Spatial vectorcardiography.—In an editorial, Duchosal (307) states that 
the ideal spatial vectorcardiogram which would provide a precise over-all 
picture of the cardiac electromotive forces is not yet obtainable. Too many 
lead systems which yield differing results have been proposed and confusion 
ensues. Local effects are more amply registered by semidirect leads. Never- 
theless, vectorcardiograms have provided interesting and useful findings 
some of which are enumerated. Many papers upon spatial vectorcardio- 
graphic theory (308 to 318), new lead systems and comparisons of lead sys- 


tems (319 to 324), and correlations with pathologic states (325 to 331) have 
appeared. 


BALLISTOCARDIOGRAPHY 


An extensive seminar on ballistocardiography has been reported in a 
series of papers (332 to 348). In the introduction, Starr (333) has discussed 
in general terms the contribution which the technique offers to the measure- 
ment of forces in the vascular system and expresses the hope that a state- 
ment of the strength and coordination of the heart’s contraction, such as can 
readily and painlessly be secured from the ballistocardiogram will soon be- 
come an essential part of the record of every cardiac patient. Other papers 
from the seminar consider biophysical aspects, physiologic measurements 
and interpretations, and clinical correlations. 

Hollis (349, 350) has presented tables of force measurements from a large 
number of normal individuals recorded by use of the ballbearing bed sys- 
tem, and from an ultra-low-frequency pendulum system. In addition, he has 
analyzed precordial force thrust components by recording simultaneously 
with the precordial ballistocardiogram pressure curves from the right ventri- 
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cle, pulmonary artery, or left ventricle and the lead II ECG (351, 352). 
Donaldson et al. (353) have devised another ultra-low-frequency ballisto- 
cardiographic apparatus. 


PHYSIOLOGICAL EFFECTS OF HYPOTHERMIA 


The heart of the cooled dog exhibits an increase in contractile force as 
temperature is decreased. Below 25°C., a gradual reduction in contractility 
occurs (354, 355). A decrease in excitability to stimuli of short duration is 
manifest also, the effect being greater for anodal than for cathodal stimuli 
(356). 

Of dogs cooled to terminus in ice water 96 per cent developed ventricular 
fibrillation. Plasma potassium levels were depressed. Treatment by intrave- 
nous potassium chloride reduced frequency of fibrillation to 57 per cent. Low- 
ering serum calcium by ethylenediamine tetra-acetate had little if any effect 
upon incidence of fibrillation (357), but 25 per cent glucose or 50 per cent 
sucrose administered intravenously during cooling prevented its occurrence 
(358). 

After potassium arrest of the hypothermic heart, 50 per cent fructose has 
proved to be an effective means of reducing the extracellular K by enhance- 
ment of movement of K ions into the cell, thereby establishing a more nor- 
mal intra- to extracellular K ratio and improving contractility (359). Wash- 
ing out the extra K with hypothermic blood after K arrest has also proved 
beneficial (360). Cooling increases the intracellular K and water without 
significant change in Na in skeletal muscle and left ventricular muscle (361), 
or increases intracellular K and decreases Na without change in Cl and water 
(362) in left ventricle. Hypothermic hearts have been found less sensitive to 
injected KCl and hyperthermic hearts more sensitive than hearts at nor- 
mal temperature (363). 

When hypothermia was induced with fixed cardiac output in dogs, cardiac 
oxygen consumption and heart rate declined while blood pressure remained 
constant (364). Red cell volume was unchanged by hypothermia, but plasma 
volume was found significantly decreased (365). 


Carpiac DEFECTS AND AIDS TO SURGERY 


Methods of measurement of regurgitant flow across incompetent valves 
by indicator-dilution curves have been described; mechanisms and validity 
of these methods have been discussed (366, 367). The intravenous injection 
of carbon dioxide is reported safe for demonstration of interatrial defects by 
cinefluorography (368). 

The use of hypothermia for open heart surgery has been reviewed briefly 
by Lewis (369) with a description of method. Gibbon (370) has reviewed re- 
cent developments in the maintenance of cardiorespiratory functions by 
extracorporeal circulation. In an editorial, Cooley (371) discussed the differ- 
ent types of oxygenators, effective rates of flow, and other practical consid- 
erations. He suggests that the use of some form of hypothermia together 
with extracorporeal circulation probably would prove beneficial and that a 
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strong effort toward the simplification of the machinery should be made in 
the interest of wider and safer application. 

Partial or total heart-lung bypass for use in treatment of medical heart 
disease and as an aid to hearts needing support after completion of open- 
heart surgery has been proposed, and the parameters of cardiac function 
which appeared to be most useful for evaluating the functional state of the 
heart muscle were presented (234, 372). Two types of heart-lung machines 
have been compared (373). 

Experiences with cardiac arrest as an aid to surgery have been presented 
and analyzed (374, 375), and the use of the ECG and EEG in arrest was dis- 
cussed (376). 

The location of the conduction system has been studied in human em- 
bryos and in certain cardiac defects to obtain guidance for the repair of de- 
fects without encroachment upon the conduction bundles (377). 


Drucs 


The positive inotropic effect of ouabain upon guinea pig ventricle is in- 
creased as temperature is increased from 17 to 37°C. (378). Dogs with ex- 
perimental congestive heart failure were found hypersensitive to acetyl- 
strophantidin (379). In normal human subjects, digoxin and acetylstrophan- 
tidin decreased cardiac output, pulse rate, and stroke volume with an in- 
crease in arterial pressure. In exercise the results were similar except that 
arterial pressure was unchanged. Peripheral resistance was increased (380). 

In dogs with digitoxin intoxication, intravenous potassium caused a 
prompt rise in plasma potassium with depression of atrioventricular con- 
duction and contractility leading to death. Without digitoxin, similar in- 
jections of potassium produced milder changes in the ECG and no deaths. 
It is suggested that the effect of potassium in treatment of digitalis ar- 
rhythmias may be a nonspecific myocardial depression (381). During hiber- 
nation, the toad heart showed greatly reduced sensitivity to strophanthin-G 
which was restored to normal by calcium, but glycogenolytic agents, thy- 
roxin, and reduced potassium concentration failed to restore this sensitivity 
(382). Acetazoleamide (Diamox) was found to be a depressant of chrono- 
tropic and inotropic functions in the mammalian atrium (383). Chlorpro- 
mazine has a depressant effect on the myocardium, the conduction system, 
and the coronary arterial musculature. The effect is reversed by epinephrine 
(384). Atropine at certain stages of action has produced vagotonia and tran- 
sient vagal imbalance. When combined with neostigmine it induced serious 
arrhythmias and conduction defects (385). Sodium lactate has been found 
effective in reversing the cardiotoxic effects of quinidine (386) and of pro- 
caine amide (387). Niacinamide increased the duration of the action poten- 
tial of frog myocardial fibers and shortened the refractory period of the dog 
heart. The cardiac output of the dog was increased and the arterial pressure 
reduced. These effects are attributable to decreased peripheral resistance 
(388). 

Chloroquine, procaine amide, and an antihistamine plus calcium all 
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tended to produce cardiac arrest rather than ventricular fibrillation in the 
rat when given with a standard dose of potassium producing fibrillation 
(389). Sano et al. (390) have recorded the effects of about 20 drugs divided 
into four categories on the basis of their influence upon membrane potentials. 
Toxic doses of histamine produced ECG and blood electrolyte changes simi- 
lar to those of adrenalectomy. Treatment with cortisone tended to alleviate 
the changes (391). 


MISCELLANEOUS 


Heart volumes at rest, during exercise, and with changes of posture have 
been measured in normal persons and heart patients by an x-ray technique 
and the relative changes in the different diameters determined (392, 393). 
The method described is not valuable for cardiac output estimates since 
the ventricular volume change during a cycle is not differentiated from the 
volume change of the whole heart (atria and ventricles). 

Cardiovascular and ECG responses to emotional stresses in patients and 
to experimental stimulation of the central nervous system in animals have 
been studied (394, 395). 

The pulse pressure response to a standard exercise stress with the Master’s 
two-step technique revealed a considerable difference between normal sub- 
jects and asymptomatic persons who have had anterior myocardial infarc- 
tion. A lag in response characterized many of the latter but did not occur in 
any of the normals. Pulse pressure is regarded as a useful criterion since it is 
closely correlated with the work per beat of the left ventricle (396). 

Among the various artificial aids that have been described recently are 
the following: prosthetic valves (397), a short curved needle device to be 
inserted through the aortic wall to facilitate perfusion of coronary arteries 
(398), a catheter electrode for application to the endocardial wall of the 
right ventricle as a pacemaker (399), and a minature transistorized portable 
heart rate recorder suitable for use by ambulatory patients (400). 
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PERIPHERAL CIRCULATION! 


By JEFFERSON M. CrisMON? 
Department of Physiology, School of Medicine, Stanford University, Stanford, California 


Since his excellent review on Russian physiology, Simonson has made 
use of the greater freedom of comment permitted in editorials to add critical 
appraisal of Russian cardiovascular research (1). A review by Rushmer & 
Smith deals chiefly with cardiac physiology, but there is much of value to 
those concerned with peripheral circulation (2). Of special interest are the 
sections on reduced peripheral resistance in exercise and the role of higher 
centers of the central nervous system. 


BLoop VESSELS 


Morphological aspects of blood vessels have been considered in a review 
on variations in the venous systems of mammals (3) and in a monograph on 
vascular spiders (4). A morphological classification of vertebrate blood 
capillaries has been presented in which the basis for classification is the 
presence or absence of continuous basement membrane, the nature of the 
endothelial cell, and the presence or absence of a complete investment of 
pericapillary cells (5). The intermediate circulation of the rat spleen has 
been found to differ from that of several other mammals in having deep 
arterioles communicating with superficial venules by way .of intervening 
capillaries instead of pulp spaces or identifiable sinusoids (6). 

Static and dynamic elastic characteristics of human aortic segments 
were studied 18 to 39 hr. after death. There was some tendency for the in- 
crease of stiffness with increasing volume to be greater when pressures were 
varied in sinusoidal fashion than when similar volume changes were applied 
continuously (7). Structural changes in the walls of resistance vessels as- 
sociated with hypertensive disease have been described in the systemic 
system and also in the pulmonary vascular bed. In both systems, the in- 
crease of wall-to-lumen ratio is regarded as a significant factor determining 
peripheral resistance. Folkow et al. point out that increased peripheral re- 
sistance does not necessarily imply that there is increased vascular tone, 
increased smooth muscle sensitivity, or increased circulating vasoconstrictor 
agent involved (8). 

Albumin labeled with radioactive iodine has been used to study the 
circulation of albumin through the aortic wall of the dog (9) and through 
aortic and other connective tissue of rabbits (10). The rate of movement of 
albumin from the lumen into the inner layer of the aortic wall is much faster 
in the proximal portions than in the distal, narrower portion. The author 

1 The survey of literature pertaining to this review was concluded in May, 1959. 

2 Grateful acknowledgement is made to Dr. Cathrine A. Crismon and Miss 


Ruth E. Dryer for editorial assistance and to Miss Dolores M. Smith for secretarial 
help. 
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suggests that circumferential tension acts as a major determinant of trans- 
endothelial transfer of proteins by widening the endothelial intercellular 
spaces through which he assumes the transfer occurs. However, Alksne (11) 
has used colloidal mercuric sulfide visualized with the aid of light and 
electron microscopy to provide evidence that this colloid passes directly 
across endothelial cytoplasm of dermal capillaries. He interprets the transfer 
as a manifestation of active transport involving the participation of intra- 
cytoplasmic vesicles that appear to migrate from one interface of the endo- 
thelial cell to the other. 


GENERAL ASPECTS OF PERIPHERAL BLoop FLow 


Peripheral resistance——Guyton et al. (12) have compared the relative 
importance of venous and arterial resistances in controlling venous return 
and cardiac output in dogs with cardiovascular reflexes completely blocked 
by total spinal anesthesia. Increased arterial resistance produced marked 
increase of arterial pressure but well sustained cardiac output while small 
increases of venous resistance decreased cardiac output eight times as much 
as did an increase of arterial resistance of similar magnitude. The chief rea- 
son for reduction of cardiac output in these experiments was accumulation 
of blood in the highly distensible venous reservoir. Patients with chronic 
cardiac failure were found to have appreciable venoconstriction (13) and to 
develop exertional hypotension attributable to marked limitation of stroke 
index (14). Acute reduction of peripheral resistance by means of the ganglion 
blocking agent, trimethapan, increased the cardiac output of subjects with 
low-output congestive failure but in normal and compensated cardiac sub- 
jects the lowering of vascular pressures produced a decrease of cardiac out- 
put (15). Data on differences in blood volume were not available; but the 
increases in blood flow, when they occurred, were found to be accomplished 
without increase of cardiac work. When acute reductions of peripheral re- 
sistance were produced by opening bilateral femoral arteriovenous fistulas, 
the rise in cardiac output averaged 51 per cent of the shunt flow (16). Brisk 
response of reflex regulatory mechanisms was suggested by an accompanying 
decrease of 23 to 46 per cent in renal blood flow and flow in general systemic 
capillary beds. 

Astrém & Yamada (17) analyzed the pressure-time curves in the occluded 
femoral artery of cats at elevated venous pressures. Resistance to flow de- 
creased with rising intravascular pressure. High prevailing vasomotor tone 
or increased tissue pressure sometimes was responsible for cessation of 
arterial flow when there was still an appreciable arteriovenous pressure dif- 
ference. The authors find no evidence of a ‘‘veni-vasomotor reflex’’ in the 
hind leg of the cat. Venous distention produced increased resistance to 
arterial flow in the bat’s wing without active vasoconstriction (18). Positive 
arterial pressure intercepts at zero flow were obtained in isolated, blood- 
perfused dog kidneys (19) and in isolated, perfused dog forelegs (20). Con- 
tinuous strain gauge recordings of arterial pressure, tissue pressure, and 
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rates of weight loss provided evidence that closure of small vessels could be 
accounted for by tissue pressure acting as a collapsing force. Although the 
authors state that a general “critical closing pressure’ need not be postulated 
to account for their findings, the distinction seems egregious; such a force, 
however small, must always be a factor participating in critical closure. 
Yamada & Astrém (21) found that both vasomotor tone and tissue pressure 
participate in determining the level of arterial pressure measured at zero 
flow in the hind leg and kidney of the cat. Critical closing pressure was found 
to be absent in isolated, perfused lungs (22) and to have finite values in the 
vessels supplying the capillary loops of the nail fold. Zero-flow intercepts 
were lower after body heating and local anesthetization of the digital nerves 
(23). 

Vascular resistance in the kidney has been shown by Haddy et al. to rise 
with increasing flow rate (24). The onset of the response appears to be more 
closely related to flow rate than to arterial pressure. The increases of renal 
vascular resistance were not modified by renal denervation, an adrenergic 
blocking agent, physostigmine, or marked increases in carbon dioxide con- 
tent of arterial blood. Elevation of renal venous pressure was reported to 
augment the rise of renal vascular resistance with increasing flow rate (25), 
but this effect was more apparent in innervated than in denervated kidneys. 
At constant flow rates, renal vascular resistance increased as a function of 
venous pressure in innervated kidneys but decreased slightly in denervated 
kidneys. Haddy and his co-workers conclude that the mechanism of the 
resistance increase with increasing flow rate is a local one, independent of 
nerves or circulating epinephrines, CO; tension, or (H*). The effects of rising 
renal venous pressure, however, are said to be mediated by reflex active 
vasoconstriction. 

Evidence has been presented by Weiss et al. (26) and by Waugh (27) 
that autoregulation of renal flow persists in isolated kidneys perfused with 
cell-free colloid solutions. Both reports comment on the interval of many 
seconds to several minutes necessary for the autoregulation to become fully 
manifest after change of renal arterial pressure and the complete abolition 
of the phenomenon by procaine. Waugh attributes the initiation of the 
autoregulation to changes in transmural pressure in vessels upstream from 
the large intrarenal veins, with the resistance changes located predomi- 
nantly in preglomerular vessels. The study of Lilienfield & Rose (28) on the 
effects of arterial pressure changes on intrarenal red cell-plasma separation 
also fails to support the plasma skimming theory of renal autoregulation. 

5-Hydroxytryptamine (serotonin) has been reported to decrease (29) 
and to increase (30) renal vascular resistance. Animals studied in the first 
of these two investigations were unanesthetized and received 5-HT 
intravenously by infusions of 5 to 10 ug./kg./min. The report of increased 
vascular resistance was based upon studies on anesthetized. laparotomized 
dogs that received 10 to 100 ug./min. of 5-hydroxytryptamine directly into 
the renal artery. 
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The distribution of resistance changes in isolated, perfused dog lungs was 
studied with various vasoactive agents (31). Histamine increased pulmonary 
venous resistance more than arterial resistance, while 5-HT produced 
greater increases in arterial resistance than in venous resistance. Histamine, 
epinephrine, norepinephrine, and 5-HT were all found to increase small 
pulmonary vein pressure. In the dog foreleg. 5-HT antagonizes extremes 
of vascular tone induced by neurogenic means (32), largely because of the 
greater effect of nervous activity on small than on larger vessels. 

Circulatory models——Models of the circulation have been devised for a 
variety of purposes. Apart from a simple model to be used for teaching the 
physiology of the circulation (33), the chief trend is toward a more rigorous 
mathematical analysis of pressures, flow, and turbulence in various parts of 
the circulation (34 to 38). 

Arterial pressure-—A careful study by Anderson & Cowan of arterial 
pressures in healthy men and women in the 60 to 89 year age group showed 
that both systolic and diastolic pressure increase with age, but the increase 
of systolic pressure is greater than that of diastolic pressure (39). In a group 
of elderly female patients with obesity and varicose veins, a significant in- 
crease of systolic and diastolic pressure was found in those with an increase 
of more than 24 per cent over their “ideal weight’’, but the presence of vari- 
cose veins was not significantly correlated with increased arterial pressure 
(40). In another study of the relation between obesity and arterial pressure, 
the findings indicate that arterial pressure is related to the total bulk of the 
body but not especially to fat except insofar as it contributes to total bulk 
(41). The suggestion is made that increased body bulk is associated with an 
increase in cardiac output without concomitant increase in the size, elas- 
ticity, or distensibility of the aorta. 

Responses to passive tilting were more marked in dehydrated individuals; 
but physical conditioning, either with or without heat acclimatization, pro- 
duced no improvement in the pulse rate or arterial pressure response to 
passive tilting after dehydration (42). In patients with orthostatic hypoten- 
sion, the urinary output and plasma levels of norepinephrine and epineph- 
rine were found to be within normal limits in resting, horizontal subjects, 
but the increases obtained by passive tilting were only about one-fifth of 
those found in normal subjects (43). Sarnoff et al. find that patients with 
orthostatic hypotension excrete only about 15 per cent as much of the non- 
dialyzable, callicrein-like vasodilator material found in the urine of normal 
subjects (44). 

The relationships between arterial pressure and aldosterone (45), sodium 
gradient (46), and rapid fluctuations of blood sodium with drug-induced 
changes in arterial pressure (47) have been explored. The general thesis is 
that smooth muscle tone is influenced by the concentration gradient of extra- 
cellular to intracellular sodium. Evidence in support of this view was largely 
indirect or inferential until the advent of a glass-to-silver electrode capable 
of measuring rapid, small changes in sodium concentration in flowing blood 
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(48). Data obtained during arterial pressure changes induced by intravenous 
injection of drugs show that, in general, increased arterial pressure is fol- 
lowed within a few seconds of the peak response by a decrease of arterial 
sodium concentration; decreased arterial pressures induced by injections of 
acetylcholine are followed by increases of arterial sodium concentation, 
Hypotensive responses to histamine and to isopropylnorepinephrine re- 
sembled each other in being associated with more complex changes in 
arterial sodium, a marked decrease of sodium concentration coinciding with 
the recovery from the hypotensive response. Much refinement of the method 
is needed to establish its precision and reproducibility and to control or elimi- 
nate the response of the electrode to rapid changes in flow rate. If the method 
can be made reliable, the task still remains to establish whether the changes 
in sodium gradient are the cause or a result or merely an accompanying 
feature of change in smooth muscle tone. Dahl et al. (49) have observed that 
adult patients with hypertension and obesity who were fed a low calorie 
diet without lowering the intake of sodium lost weight without an ac- 
companying fall in arterial pressure (49). They suggest that when a fall of 
arterial pressure follows the institution of a weight reduction program in 
obese hypertensives, the lowering of arterial pressure is caused by the asso- 
ciated reduction of salt intake and not by the restriction of calories. Reali- 
mentation of dogs, after prolonged fasting, by a diet high in carbohydrate 
fed at the rate of 120 kcal. per sq.m. per hr. produced high systolic arterial 
pressures and rapid pulse rate with low or normal diastolic pressure, circu- 
latory changes that were strikingly similar to the hemodynamic effect of 
thyroid powder. Thyroid gland activity as estimated by the uptake of I! 
was not significantly altered (50). Indirect readings in hypertensive indi- 
viduals yielded systolic pressure measurements consistently lower thaa those 
measured directly and diastolic pressures that were higher than those ob- 
tained by intra-arterial catheter (51). 

Peripheral pulses—Alexander (52) has taken advantage of the prolonged 
systole in anesthetized, hypothermic dogs to study aortic pressure curves 
free of possible confusion by incisural pressure changes. Simultaneous regis- 
tration of femoral pulse curves indicated that undulations in the systolic 
portion of aortic curves are synchronous but opposite in phase to the primary 
peak and dicrotic oscillations of femoral pulse curves. This is taken as evi- 
dence in support of the standing-wave theory. Randall (53) has presented 
an elaborate statistical analysis of femoral pulsatile pressure and flow meas- 
urements from anesthetized dogs. The reviewer regrets his own inability to 
judge the soundness of the mathematics or the possible significance of this 
contribution. Arterial-pressure pulses, recorded during electrical stimulation 
of the sympathetic innervation of the heart, show greater augmentation of 
systolic pressure than diastolic pressure. The isometric contraction period is 
shorter, and the rate of rise in the systolic ejection phase is faster. Pro- 
longed augmentation is readily sustained by increased venous return from 
the pulmonary and systemic vascular beds (54). With doses producing com- 
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parable increases of arterial pressure, norepinephrine tended to obliterate 
the dicrotic notch of radial pulse waves, while epinephrine produced almost 
no change in the dicrotic notch, except for its position relative to the higher 
systolic peak (55). A new classification of pulse waves of the digital plethys- 
mogram has been presented by Winsor & Karpman (56). The classification 
is an empirical one and furnishes a method of identifying functional or 
organic arterial disease and, by means of standardized vasodilating pro- 
cedures, of distinguishing between them. 

Capillary circulation.—In his extensive review on substances which affect 
capillary permeability, Spector (57) selects protein or peptide factors in 
inflammation, structural and metabolic changes in the capillary wall, and 
the physical or chemical mechanisms by which compounds exert their effect 
on capillary permeability as three important sets of problems that face in- 
vestigators in this field. I share his skepticism concerning an early solution 
for any of them. Lest any are tempted to introduce new terminology, the 
final word has come from Pisa in a communication, undoubtedly written in 
the leaning tower, dealing with microcirculation and histangic (sic) correla- 
tion (58). A formulation has been presented for the movement of solutes 
through the walls of cylindrical biological tubes containing a moving fluid 
(59). By means of certain simplifying assumptions the more rigorous treat- 
ment of exchanges in cylindrical systems involving Bessel functions is 
avoided. The applicability of this mathematical model to transfers of solute 
across capillary walls awaits further study. Coutler (60) has found the 
filtration coefficient of the capillaries of the brain to be somewhat higher 
than that for muscle. The fractional pore area, calculated with Pappen- 
heimer’s (61) equation, was estimated to be four times as large as that re- 
ported for muscle. The relatively slow equilibration of such lipoid-insoluble 
materials as ions and glucose seems hardly consistent with the larger filtra- 
tion coefficient of brain capillaries unless the penetrating solutes are trans- 
ferred from brain back to circulating blood by some active process. Evidence 
for relatively large pore size in renal capillaries has been reported from 
studies on dog kidneys of net transcapillary exchange of inulin, para-amino- 
hippurate, thiocyanate, and heavy water (62). The walls of liver sinusoids 
are shown in electron microscope studies to have large gaps which account 
for very rapid movement of plasma protein and other colloidal material into 
the space of Disse and on into the parenchymal cells (63). It is of interest 
that electron microscope studies of dermal capillaries have shown 
transcapillary movement of similar colloids although no pores were found 
and most capillaries had additional barrier layers in the form of basement 
membranes and, in many cases, periendothelial cells as well (14). Exchanges 
of electrolytes across capillary walls in the placenta may be to some extent 
determined by active processes; small but persistent differences in concen- 
tration of anions and cations between maternal and fetal blood cannot be 
entirely resolved by appropriate Donnan corrections (64). Iron transport 
across placental capillaries occurs against a concentration gradient and has 
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been demonstrated to be essentially unidirectional from maternal to fetal 
blood (65). The maintenance of the gradient depends upon iron-binding 
sites other than beta, globulin in the fetus, since fetal transferrin was found 
to be persistently saturated. 

Reported studies on altered capillary permeability continue to be diffi- 
cult to interpret, particularly in situations involving simultaneous or ante- 
cedent capillary dilatation. Even when labeled colloid is used, there is no 
satisfactory way to express the escape of colloid in terms that include the 
area of capillary surface involved. Agents known to produce capillary dilata- 
tion, such as heat (66, 67), histamine, or histamine in combination with 5-HT 
(68), also produce edema and increased leaking of plasma protein. But some 
of the agents that are effective in suppression of increased capillary perme- 
ability are known to reduce blood flow through the capillary bed (67). In the 
presence of such agents the decreased escape of fluid and colloid may be re- 
lated more precisely to the change in available capillary area than to any 
change in physical property of the capillary walls. 

Escape of protein through the stretched liver capsule was found to be an 
important feature in the accumulation of fluid in experimental ascites pro- 
duced by constriction of the thoracic vena cava (69). Rates of edema forma- 
tion were relatively slow in isolated, blood-perfused rabbit lungs at capillary 
pressures of 20 to 30 mm. Hg but increased rapidly at pressures above these 
levels (70). The transcapillary colloid osmotic pressure difference was only 
about 7 mm. Hg. The authors suggest that normally the rate of removal of 
colloid from interstitial fluid is slow, that fluid transfers are slow at ordinary 
vascular pressures because of the low permeability of the capillaries to 
protein, and that the increase in escape of fluid at higher pressures is partly 
a result of an increase in surface area and thinning of the capillary mem- 
brane. 

Three different types of capillaries have been distinguished in dog hearts 
on the basis of the presence and distribution of smooth muscle cells (71). 
Muscle cells were sparsely and irregularly distributed along metarterioles, 
found singly or in pairs at precapillary sphincters and completely lacking 
in true capillaries. An interesting redistribution of capillary blood flow 
within the myocardium has been described in recent studies on the metabo- 
lism and circulation of KCl-arrested hearts (72). Arrest of the coronary cir- 
culation for varying lengths of time followed by reperfusion of the coronary 
circulation results in a gradual reduction in the rate of myocardial oxygen 
consumption (73). In normally beating hearts that were excised without 
blood loss and fixed for histological examination of stained sections, capillary 
counts were highest in the subepicardial layers of the left ventricle, lower 
in the midlayers, and least in the subendocardial layers. Capillary distribu- 
tion in hearts that were excised after varying intervals of KCl-arrest had a 
reversed order, the densest region being the subendocardial and the fewest 
capillaries being found in the layers near the surface of the left ventricle. 
Capillary diameters were not greatly altered by KCl-arrest, unless the hearts 
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were reperfused with blood, in which case dilatation of capillaries, rouleau 
formation, and packing of erythrocytes in venules were characteristic find- 
ings. 

An increase in the number of capillaries in the red areas of skeletal muscle 
and an increase in the proportion of red muscle were found in guinea pigs 
native to the Peruvian Andes as compared to control animals born at sea 
level (74). Vascular growth does not apparently keep pace with metabolic 
activity in growing carcinomas and sarcomas. Polarographic methods were 
used to estimate relative change in tissue-oxygen partial pressure induced in 
normal skin and in near-by benign and malignant tumors by oxygen breath- 
ing (75). When the subjects breathed 100 per cent oxygen, the polarographic 
current rose from two to five times over the initial level in normal tissues but 
showed little or no change in carcinomas and sarcomas. The difference is 
apparently not related merely to the degree of malignancy, since the polaro- 
graphic current during oxygen breathing rose considerably in malignant 
melanomas, malignant lymphomas, and benign tumors. 

Intermittent flow of blood through capillaries has been described in the 
gingiva of hamsters and other laboratory animals (76) and in the pancreas 
of the rat (77). Gingival capillary flow was regulated by changes in the caliber 
of arterioles, by structures apparently subserving the role of precapillary 
sphincters, and by intermittent activity of arteriovenous anastomoses. In 
the microcirculation of the pancreas, Palmer (77) attributes intermittent 
capillary flow to plugging of capillary openings by leucocytes, to intermittent 
viscosity changes arising from plasma skimming and to reversals of flow 
caused by changed pressure gradients; no contractions of capillaries or 
precapillary sphincters were seen. 

The potentiation of epinephrine and norepinephrine action on terminal 
vascular smooth muscle by adrenal glucocorticoids has been sufficiently 
well documented in the past. The point is mentioned here only to emphasize 
that interpretation of actions of adrenal cortical steroids on capillaries must 
take into account the possible intervention of action of the constrictor 
amines as part of the observed response. Stress-induced changes of the 
“sensitivity’’ of capillaries to corticosteroids have been tested by observing 
differences in the amount of suction applied to the skin necessary to induce 
capillary rupture (78). The nature of the test always conveys the impression 
that the change being studied has to do with the physical properties of the 
capillary wall. In reality an increased number of hemorrhages produced by 
suction or even the production of a single hemorrhage by relatively small 
reduction of pressure may be more closely related to the number of super- 
ficial capillary loops that are filled at the time suction is applied. 

In another context, histamine has been implicated as the vasoactive 
agent intervening in the effect of estradiol on uterine hyperemia and accu- 
mulation of interstitial water and electrolyte (79). In a paper by Steinberger 
et al. (80) on the opposing effects of hyaluronidase and phosphorylated 
hesperidin on absorption of 0.9 per cent NaCl solution from the peritoneal 
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cavity of rats, both agents are assumed to act by direct influence on capillary 
permeability. For crystalloids in solution, rates of absorption are as likely 
to be related to areas available for exchange or rates of blood flow through 
vessels capable of effecting exchange as to change in permeability. Phos- 
phorylated hesperidin is related to the group of flavonoid glycosides that 
have been shown to potentiate the action of epinephrine and norepinephrine 
on precapillary sphincters (81) and to limit the rate of escape of colloidal 
dyes from capillaries in skin injured by chloroform (82). A net reduction in 
the number of capillaries available for exchange in the animals treated with 
phosphorylated hesperidin could account for the reduced absorption of salt 
solution. The relationship between hyaluronidase and capillary permeability 
has been more clearly defined by studies of the passage of dye-labeled pro- 
tein from plasma to lymph (83). 

Small vessels in the mesocecum of rats maintained on diets low in iron 
for periods up to 60 days were constricted by epinephrine in significantly 
lower concentration than were similar vessels in rats fed stock diets or iron- 
enriched diet (84). Extracts prepared by anaerobic incubation of liver slices 
from iron-depleted rats were found to depress epinephrine thresholds in 
mesocecal vessels of normal test animals. The nature of the vasoexcitor ma- 
terial obtained from the livers of anemic rats is not known, but it is 
apparent that iron-depleted rats either do not form or do not release the 
usual vasodepressor material yielded by anoxic liver. 

Bean (85) has suggested that the physiological disorder in metastatic 
carcinoid is vascular spasm, most violent in skin, heart valve, and bowel. He 
attributes the spasm to release of 5-HT in these regions. This notion is 
interesting in the light of the report by Glover et al. (86) that infusions of 
5-HT into the brachial artery produced marked redness of the skin in the 
forearm and hand, coupled with reduction of blood flow. Hand blood flow is 
reduced more than is forearm flow, a finding consistent with a principal ac- 
tion on skin vessels. Reduced distensibility of capacity vessels and edema 
following infusions of 5-HT at 1.0 wg./min. are consistent with a passive 
response of capillaries to a combination of precapillary sphincter relaxation 
and increased venular resistance (32, 87). 

Harding & Knisely (88) report again onsludging of blood as a phenomenon 
observed in sick or injured people but not in healthy people. The mechanism 
of sludging continues to be obscure; observations on bulbar conjunctival 
vessels with the microscope directed horizontally instead of vertically have 
shown that aggregates of cells move slowly along the dependent portions of 
small vessels with a clear layer of plasma above. The idea is advanced that 
gravitational forces can cause separation of cells from plasma by the diver- 
sion of cell-poor plasma into vessels generally oriented counter to the force 
of gravity, while cell-rich blood takes the downward course. Since vessels are 
not neatly separated into “‘ups’’ and ‘“‘downs” this would seem to be of 


little systematic effect except where masses of cells might produce persisting 
emboli. 
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Lymphatics——A technique for radiographic demonstration of lymphatic 
channels in the human leg has been described (89). Its application to various 
abnormal states associated with edema has provided means of distinguishing 
between deep and superficial lymphatic obstruction. The role of aortic pulsa- 
tions has been postulated on the basis of morphological relationships be- 
tween the aorta and the major central lymphatic channels (90). Drainage 
of lymph from the livers of dogs has been shown to pass by way of two major 
pathways. The main hilar system predominantly drains right lobes, an 
accessory hilar system mainly the left lobe. A quantitative study of lymph 
flow by these routes indicated that about 80 per cent of liver lymph traveled 
by way of the hilar systems and the remaining 20 per cent by way of hepatic 
venous lymphatic route (91). 

Quantitative data on the relationship between venous pressure and 
lymphatic pressure have been provided by cannulation of lymphatics and 
veins at the level of the ankle in anesthetized dogs (92). Changes in lymphatic 
pressure and venous pressure were found to be neither simultaneous nor 
equal. Resting lymphatic pressures varied from 2.5 to 12.0 cm. of water, 
with simultaneous venous pressures tending to be slightly higher. Manipula- 
tion of the foot or spontaneous muscle movements produced sharp increases 
of lymphatic pressure up to 100 cm. of water while venous pressures were 
much lower. Rising interstitial pressure with accumulation of edema during 
venous occlusion did not increase lymphatic pressure above 20 cm. of water 
in 3 hr. even though venous pressure was much higher. It would seem that 
tissue pressures may be capable of facilitating the transportation of fluid 
within lymphatic vessels but do not bring about the entrance of new fluid 
into lymphatics against even modest proximal pressure gradients. Relation- 
ships between venous pressure, tissue pressure, and lymphatic pressure in 
the kidney appear to be modified by limitation of distensibility. Renal 
lymphatic pressure was increased by compression of either the renal vein or 
the ureter, the rise in tissue pressure in all cases preceding the rise in 
lymphatic pressure (93). 

Electrophoretic studies on lymph drained from burned paws of rabbits 
showed that the protein content changes with time after injury, both as to 
amount and molecular species. Over a 24-hr. span, the relative proportion of 
albumin decreased while concentrations of beta 2- and alpha 1-globulins in- 
creased. Passive statistical effects of molecular size upon removal rates of the 
various protein species have not been excluded (94). The larger lymphatic 
vessels and lymph nodes do not leak protein once it has entered the lym- 
phatic system. All but about 3 per cent of radioactively tagged albumin 
introduced centrally into leg lymphatic vessels of dogs was found to enter 
the circulation via the thoracic duct (95). 

Venous blood flow. 





Studies of the partition of the venous return, in dogs 


prepared to control cardiac inflow and output, showed that about one-third 
of the total return of blood to the heart is by way of the superior vena cava. 
Reflex changes elicited by reducing cardiac output produced greater reduc- 
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tions of flow in the inferior than in the superior vena cava. Anoxia increased 
the flow through the superior vena cava (96). Three types of transducer 
gauges were applied to the venae cavae of dogs under aseptic conditions for 
the purpose of estimating relationships between dimensional, pressure, and 
flow changes in unexposed veins. Evidence of active contraction of the 
walls and of appreciable hysteresis in the pressure-diameter relationship was 
presented (97). 

The effects of eupnea and of hyperventilation on venous pressures and 
flow are complex, but measurements of transmural pressures have been help- 
ful in elucidating some questions. Knebel & Wick (98) have stressed the role 
of intra-abdominal pressure as a constricting force acting on the inferior 
vena cava. Hyperventilation with air was found to increase central trans- 
mural venous pressure; when the respired gas contained 5 per cent CO: the 
increase of transmural central venous pressure was greater, but this response 
to CO2 was abolished by intravenous injection of adrenergic blocking 
agent (99). Support for the view that changes in peripheral venomotor tone 
of reflex origin were involved to an important degree has come from the 
demonstration that active venoconstriction occurred in the forearm during 
hyperventilation. Forearm venous volume decreased a little over 30 per 
cent, of which about 23 per cent was ascribable to venoconstriction and the 
remaining 7 per cent to decreased venous pressure alone (100). The shift 
of blood from forearm veins during hyperventilation was significantly less 
while breathing CO, With mild hyperventilation in which intrapleural 
pressure changes were not significant, intravenous infusions of isopropyl 
norepinephrine caused decreased atrial transmural pressure and large shifts 
of blood from the forearm veins, primarily by reason of reflex venoconstric- 
tion and not of the fall in intraluminal pressure (101). Carbon dioxide in 
concentrations up to 20 per cent of the respired mixture was without effect 
on atrial or pulmonary pressures in anesthetized cats with chests opened; 
but in animals with the chest closed, pulmonary artery pressure rose with 
increasing respiratory volume (102). 


REGIONAL BLoop FLow 


Liver and splanchnic area.—Green et al. (103) have presented a careful 
study of hepatic vasomotor responses to stimulation of autonomic nerves 
and to autonomic drugs. Vessels of the liver differ in their responses from 
those of the splanchnic bed; no significant reversals of response to epineph- 
rine after adrenergic blockade were seen and no sympathetic adrenergic or 
cholinergic dilator responses were found in either the portal or hepatic artery 
distributions. Regular, spontaneously rhythmical fluctuations of liver blood 
flow in human subjects were found to be abolished by certain drugs and 
during sleep; regular rhythms were independent of irregular blood flow 
changes apparently induced by alterations in body position, pain, or emo- 
tional reactions (104). Both insulin and glucagon were found to increase 
liver blood flow. Although the changes in blood glucose level were opposite 
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in direction, the alterations of blood flow in each case coincided with the 
change in blood glucose level (105, 106). During graded hemorrhage, liver 
blood flow did not decline in regular proportion to the decreasing blood vol- 
ume, and under these conditions liver blood flow was not significantly 
affected by infusions of norepinephrine (107). These findings are in direct 
contrast to responses of the mesenteric circulation (108). Passive congestion 
of the liver by partial constriction of hepatic veins in rats was found to 
interfere with renal excretion of sodium and water loads (109). The enzy- 
matic reduction of ring A of deoxycorticosterone, aldosterone, cortisone, and 
hydrocortisone was found to be severely impaired in such congested livers; 
a possible relation between this phenomenon and the secondary aldosteron- 
ism of congestive heart failure was suggested (110). 

A local reflex or myogenic reaction was postulated by Selkurt & Johnson 
(111) to account for increased vascular resistance ind decreased blood flow 
in segments of ileum after elevation of portal venous pressure, but Bean & 
Sidky (112) have found that completely isolated, perfused segments show 
increased resistance and diminished flow during strong motor responses to 
acetylcholine, although increased flow with lowered vascular resistance both 
preceded and followed the episodes of motor activity. In sheep anesthetized 
with chloralose, portal blood flow was found to be correlated with cardiac 
output; portal flow accounted for about 31 per cent of cardiac output and 
about 51 per cent of thoracic inferior caval flow (113). 

Kidney.—From measurements of oxygen tension in renal pelvic urine, 
renal venous blood, and arterial blood, Rennie, Reeves & Pappenheimer (114) 
have obtained evidence of variable distribution of oxygen tension within the 
kidney. In kidneys with high iodopyracet (Diodrast) extraction ratios, 
urinary pO2 was about 50 mm. Hg while those with low extraction ratios 
produced urine having pO:2 values of about 72 mm. Hg. On the basis of ratios 
of tissue hematocrit to arterial hematocrit, low iodopyracet extraction was 
related to failure of cell separation. While the results, difficult to explain by 
classical renal hemodynamics, can be accounted for by the cell-separation 
theory, other possible mechanisms are not excluded (114). Other contributions 
bearing on the cell-separation theory have been reviewed in the section on 
peripheral resistance (p. 318) in this chapter. The problem of autoregula- 
tion of the renal blood flow is also considered therein. 

Relationships between renal lactic acid production, blood flow, and re- 
active hyperemia in the kidney have been discussed in two papers by Grupp 
and his associates (115, 116). Occlusion of the renal circulation has been 
carried out for varying periods of time in dog kidneys at normal temperatures 
and in kidneys cooled by enclosing them in a double-walled plastic bag 
filled with ice water. Reactive hyperemia in the period immediately after 
release of arterial occlusion was not measured, but various tubular functions 
were found to be reversibly impaired. Cooled kidneys tolerated more pro- 
longed ischemia than did those at warmer temperatures (117). Two studies 
on the effects of pressure breathing confirm previous observations that free 
water clearance and solute excretion decrease with positive pressure breath- 
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ing and increase with negative pressure breathing (118, 119). Renal hemo- 
dynamic changes are statistically significant in the case of positive pressure 
breathing, with reduced renal plasma flow associated with decreased 
glomerular filtration rates. Negative pressure breathing produced increases 
of renal blood flow that were significant at the 5 per cent level without 
significant change in glomerular filtration rate (119). In both reports, on the 
basis of indirect evidence, the conclusion is advanced that the effects on the 
rate of urine formation are mediated by alterations in antidiuretic hormone 
activity. The filtration fraction increased during positive pressure breathing 
and decreased during negative pressure breathing. These changes are con- 
sistent with differences in distal tubular loading attributable to hemody- 
namic events (120). Renal functional changes in response to blood flow 
changes have been reported following injection of endotoxin (121), plasma 
volume expansion (122), hemorrhage (123), occlusion of the carotid arteries 
(124, 125), catheterization of the renal arteries (126), and intravenous in- 
fusion of epinephrine and norepinephrine (127). 

An intact renal innervation was found to be necessary to effect the de- 
creases in renal blood flow produced during diffusion respiration (128) and 
during inhalation of 30 per cent CO: in oxygen (129). Slower aspects of renal 
circulatory adjustment are noted in the increased number of perfused glo- 
meruli found four to seven days after unilateral nephrectomy (130). The 
actions of certain drugs on the renal circulation are described in the following 
papers (131 to 133). 

Human extremities—Mendlowitz (134) has reviewed the digital circu- 
lation once more with particular emphasis on brachial-digital arterial pres- 
sure gradients. Hellon & Clarke (135), studying the effect of age on forearm 
blood flow, found a significant increase of flow rate with age. The increase in 
skin blood flow was more marked than that in muscle; neither increase 
could be accounted for by the higher mean perfusion pressures in the older 
age group. In a hot environment (38°C.) resting blood flow in the forearms 
was 50 per cent greater in the 41- to 57-year-old group than in the 17- to 26- 
year-old group. Work performed in the heat caused further increases of 
blood flow in both age groups, but the increase was greater in older men. 
The type of work (mounting and dismounting from a 30.5 cm. stool 12 times 
per min.) was such as to increase heat loads but did not involve increase of 
work in muscles of the arms being used for blood flow studies (136). The 
mechanism of forearm blood-flow increase with general body heating has 
been related by Fox & Hilton (137) to formation and release of bradykinin 
from cholinergic endings, sweat glands, or related structures into the skin. 
The release of a similar material associated with neurogenic vasodilation in 
the tongue has been reported (138). Since the blood-flow increases in the 
forearm, consequent upon general body heating, are large, it must be pre- 
sumed that resistance vessels in great number are dilated. Fox & Hilton re- 
covered reasonably large amounts of bradykinin by perfusing the subcu- 
taneous space of the human forearm; there seems to be little doubt that the 
material is available in significant quantities. Problems of distances of dif- 
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fusion, penetration of arteriolar and arterial walls, and the relation of con- 
centration to action of the vasodilator agent remain to be solved. With re- 
sistance sharply lowered in only some of the skin vessels by bradykinin 
action, reduced tension in the walls of more proximal vessels might be a 
secondary local factor in the over-all response. 

Local cooling of the forearm from 42°C. down to about 18° decreased the 
blood flow, but upon continued cooling to 1°C. blood flow increased (139). 
The increased flow was confined to skeletal muscle, the flow through the 
skin remaining very low. The ‘“‘cold dilatation’’ was found to be mediated 
through somatic nerves but was not abolished by sympathectomy. Reduc- 
tion of blood flow in the foot by cooling one upper extremity (140), or by 
general body cooling (141), and the constrictor phase of response to pyrogen 
(142) were found to be mediated through the sympathetic system. Both 
cooling and tobacco smoking reduced the magnitude of reactive hyperemia 
in the foot induced at warm or cool temperatures (141). The effects of local 
temperature (143 to 145), reactive hyperemia (148), and exercise (143 to 
146) on blood flow were the subjects of several reports. Cooling the arm 
to 18 to 25°C. had little effect on the increase of forearm blood flow produced 
by rhythmic exercise (143) until the frequency of contractions was raised to 
60 per min. where marked increases of flow were noted compared to those 
induced by similar exercise at 34°C. (144). Walking and running also 
caused increases of calf blood flow that were related to frequency of con- 
traction (149). Cooling to 18°C. reduced the hyperemia induced by sus- 
tained muscular contractions (145). The results are attributed to the addi- 
tional work created by increased viscosity in the forearm muscles on cooling. 
After arterial occlusion, oxygen uptake during reactive hyperemia at deep 
tissue temperatures near 39°C. was significantly less than the predicted 
oxygen debt for the occlusion period; at lower tissue temperatures, the ob- 
served and predicted values were near agreement (146, 147). The possible 
influence of nonnutrient shunt flow was not considered, but sampling errors 
of unspecified sorts were mentioned as possible factors. Uncertainties of 
sampling from deep forearm veins have been described by Coles et al. (150). 
Interrelationships of blood flow and oxygen consumption of human skeletal 
muscle studied by Mottram showed that oxygen consumption was usually 
related to arteriovenous oxygen difference but that a significant inverse re- 
lationship between blood flow and arteriovenous difference occurred in only 
two of 16 forearms (151). 

On the basis of indirect evidence, Blair & Roddie (152) concluded that 
local exposure of the forearm to subatmospheric pressure produced an initial 
passive dilatation of resistance vessels followed by slow restoration of tone 
and return of flow to previous resting levels. Sustained reduction of venous 
pressure in the foot by rhythmic inflations of an ankle cuff produced no 
evidence that this means of reducing transmural vascular pressure altered 
the tone of resistance vessels; increases of flow were approximately propor- 
tional to the net rise of perfusion pressure achieved by ‘‘milking”’ of ankle 
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veins (153). Changes in forearm and hand blood flow associated with altera- 
tions of intrathoracic pressure (154) and pressure breathing (155) were found 
to be mediated by reflex alterations of vasomotor tone. The blood flow 
changes were confined to skeletal muscle; flows were decreased by positive 
pressure breathing and by the Valsalva maneuver and increased during 
negative pressure breathing or rapidly fluctuating intrathoracic pressure in- 
duced by rapid breathing with partially obstructed airways. 

The increased forearm blood flow that occurred during hypoglycemia 
induced by insulin (156) was chiefly through skin vessels. Concurrent meas- 
urements of total blood flow by venous-occlusion plethysmography in one 
arm and clearance of injected Na™ from the opposite arm showed that during 
the period of increased flow, Na*4 clearance rate from muscle was not sig- 
nificantly changed while that from skin increased. Blockade of cutaneous 
nerves with 2 per cent xylocaine had no effect on resting clearance rates of 
Na*4 from skin but did prevent the increase of clearance rate usually seen 
during insulin hypoglycemia. This finding is consistent with flow increase 
mediated by the cholinergic sympathetic vasodilator system of skin. It is of 
interest that the semilog plots of the tissue clearance curves show at least 
two and sometimes more than two clearly defined slopes. Others have com- 
mented upon this same phenomenon in which the data suggest an early 
rapid phase followed by a slower phase. Freis & Schnaper (157) have studied 
the circulation in the human forearm by an application of the dye-dilution 
principle. Their data showed an early, rapid-flow phase followed by a slower 
component, which they attributed to ‘‘two basically different rates of flow 
in the highly anastomotic small vessel circulation.’’ The time course of the 
rapid and slow phases of flow, in which the tracer remained within the 
vascular compartment, was much shorter than the respective phases of 
clearance rate of tracer injected into the interstitial compartment (156), but 
the ratios of rapid to slow phase in the two types of measurement are 
roughly similar. Fries & Schnaper found that various induced hemodynamic 
changes altered the relative proportion of the rapid and slow components 
and concluded that the biphasic system of forearm blood flow and volume 
is dynamic. Histological examination, intra-arterial injection of glass micro- 
spheres, and tissue clearances of radioactive tracers have been used to deter- 
mine whether or not arteriovenous anastomoses exist in skeletal muscle of 
cats and rabbits (158). No evidence indicating the existence of channels 
larger than capillaries was found by the first two methods, but flow without 
simultaneous clearance of tracer was found to occur during and for a short 
while after infusions of epinephrine. 

The increased rate of forearm blood flow associated with severe anemia 
(159) may be related to an accompanying hypocapnia. Black & Roddie 
(160) have reported that the increased forearm blood flow produced in 
normal subjects by breathing 5 to 10 per cent Ozin Ne for 2 to 6 min. is much 
less marked if increased elimination of COz is prevented during hypoxia. 
A local dilator action of CO2 on resistance vessels of the hand has been 
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demonstrated by calorimetric methods; immersion of the hand in water 
saturated with CO, increased the rate of heat elimination by about 40 per 
cent at 29°C. (161). 

Reports on digital circulation have dealt chiefly with clinical problems, 
The work of digital vasoconstriction produced by infused norepinephrine 
has been studied in hypertension (162) and in Cushing’s syndrome (163). 
Functional changes in peripheral resistance as distinguished from those 
caused by organic changes were identified by means of digital plethys- 
mography (164). Various forms of peripheral vascular disease have been 
studied (165 to 167). 

Coronary system.—A post mortem study of the human coronary system 
indicated that the capacity of the vessels varies with the weight of the 
heart but that the increase in capacity does not keep pace with the increase 
in mass (168). Although the anatomical compensation of the myocardial 
circulation seems to be limited, both flow rate and the extraction of oxygen 
from blood by the heart participate in adjusting supply to metabolic de- 
mand for oxygen during hypoxia at normal body temperatures (169). During 
hypothermia, coronary venous oxygen content and the arteriovenous oxygen 
difference remained fairly constant with variations of cardiac work; the 
chief factor adjusting supply of oxygen to varying metabolic requirements 
under these conditions was coronary flow (170). Coronary flow increased in 
association with increased heart rate and arterial pressure evoked by intra- 
venous infusions of epinephrine and norepinephrine. The increase in flow, 
attributed to a direct action of catechol amines on coronary vessels, was 
sufficient to increase the level of venous oxygen in spite of the increased 
oxygen consumption (171). Scott & Balourdas (172) studied the increased 
coronary flow induced by vagotomy and atropine and the decreases in 
myocardial oxygen consumption, heart rate, and coronary flow induced in 
chronically sympathectomized dogs. They made use of the data to analyze 
the interrelationships between coronary flow, left ventricular oxygen con- 
sumption, and the arteriovenous oxygen difference and urged caution in the 
interpretation of ‘‘spurious”’ correlations in the literature on coronary flow 
(173). 

Although the diastolic filling of the coronary arteries is reduced during 
tachycardia, total coronary flow is increased. There is a decline of cardiac 
efficiency as the rates of O2 consumption and COs: production increase (174, 
175). In various forms of cardiac arrythmia, coronary flow was found to be 
often decreased. Coronary arterial flow tended to decrease in a linear fashion 
with decreasing systolic pressure; the use of pressor drugs during episodes of 
hypotension in the presence of arrythmias improved coronary flow and in 
some cases appeared to restore regular cardiac rhythm (176). Increased 
coronary flow and myocardial oxygen consumption were found to follow 
the induction of experimental mitral insufficiency, whether or not there was 
an accompanying persistent reduction of cardiac output (177). 

Nervous control of coronary vessels has been studied in innervated, 
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isolated cat hearts. The only vasomotor supply to the coronary vessels was 
found to be derived from preganglionic fibers in accelerator nerves that 
formed synapses in sympathetic and parasympathetic ganglia of the heart. 
Postganglionic fibers in the accelerator nerves increased the activity and 
metabolism of the heart muscle and caused secondary increase of coronary 
flow that could not be inhibited by hexamethonium, ergotamine, or 
atropine (178). Additional papers dealing with the effects of the following 
substances on coronary flow have appeared: urine (179), khellin (180), 
nicotine (181), blood lipid (182), and trypsin (183). 

Brain.—Lassen (184) has published a review on cerebral blood flow and 
oxygen consumption in man; the topics include methods, regulation of 
cerebral blood flow, cerebral oxygen uptake in normal and disease states, 
and the action of drugs. Sokoloff’s long review (185) on the action of drugs 
on the cerebral circulation deals with methods and regulation as well. 
Plethysmographic principles have been applied to the study of cerebral blood 
flow in man by recording from air- and water-tight electronic volume and 
pressure transducers connected to the subdural space (186). Cerebral vaso- 
dilatation was produced by inhalation of 5 per cent CO, in Ox», voluntary 
apnea, sleep, voluntary facial nerve activity, superior cervical ganglion 
block, and intravenous administration of alcohol or papaverine. Cerebral 
vasoconstriction was caused by hyperventilation, abdominal and cutaneous 
pain, and stimulation of the middle or superior cervical ganglion. Histo- 
logical methods were used to determine the blood content-of rat pineal 
glands. These vessels appear to be rather inactive: vasodilatation was pro- 
duced by intravenous injection of adenosine or picrotoxin and by ether 
anesthesia (187). 

Glands and other structures——Blood flow and oxygen consumption in the 
submaxillary glands of dogs were measured at rest and during secretory 
activity (188). The rate of salivary flow was found to be related to blood flow 
and oxygen consumption in excess of the values found under resting con- 
ditions, but the correlations between oxygen consumption and blood flow 
were low. Atropine depressed both the production of saliva and the asso- 
ciated extra O2 consumption but did not abolish the vasodilator response to 
stimulation. Blood flow in the adrenal gland (189) and the pituitary gland 
(190) of rats has been estimated with Rb** and I, Adrenal blood flow was 
increased 114 per cent by administration of ACTH and 80 per cent by liga- 
tion of one common carotid artery. Both lobes of the rat pituitary showed 
the same time pattern of Rb** uptake as was found in other non-nervous 
tissues; the blood-brain barrier apparently does not extend into either part 
of this gland. Measurements of uterine blood flow in unanesthetized sheep 
and dogs during spontaneous and induced labor showed that blood flow de- 
creased significantly during uterine contractions and often reached values 
above control levels during relaxation (191). Evidence has been presented 
that blood flow through bone marrow is regulated by direct sympathetic 
nervous control (192). 
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PULMONARY CIRCULATION 


Control of pulmonary blood flow was reviewed by Daly (193), and Mar- 
shall has reviewed the physiology and pharmacology of the pulmonary cir- 
culation (194). Fritts & Cournand (195) presented a mathematical analysis 
of the application of the Fick principle to the measurement of pulmonary 
blood flow; the paper is chiefly of theoretical interest with some useful sug- 
gestions for methods of minimizing potential errors and for elucidating the 
effect of anastomoses. 

The participation of carotid sinus baroreceptors in the regulation of pul- 
monary blood flow has been attributed to slowing of the heart and to hemo- 
dynamic events occurring in the systemic circulation (196, 197). During 
continuous infusion of norepinephrine in man, the rise in pulmonary arterial 
resistance occurred in the absence of an increase in flow and was regarded as 
evidence of active constriction of the pulmonary vascular bed (198). Local 
effects of hypoxia on pulmonary vascular resistance have been again related 
to local decrease of pH by increased lactic acid production (199), but other 
evidence is presented favoring the view that the increase of resistance to 
flow in the pulmonary vessels during anoxia is temporary and of doubtful 
physiological significance (200). In a careful study of this problem, Rodbard 
& Harasawa (201) found that the calculated pulmonary vascular resistance 
remained constant during breathing of atmospheres low in O2 and concluded 
that the pulmonary vessels remain passive under these circumstances. Varia- 
tion of the temperature of blood perfusing the lungs under conditions of 
constant flow was found to produce changes in the pulmonary arterial pres- 
sure attributed to pulmonary vasomotion (202). 

Measurements of vascular volume and distensibility of the dog lung 
have indicated that 47 per cent of the vascular volume lies on the arterial 
side of the midpoint of the resistance; distensibility of the arterial compart- 
ment is about equal to that of the venous compartment (203). In rabbit 
lungs, compliance of the arterial tree was significantly smaller than that of 
the venous tree. Input impedance of the pulmonary vascular bed, in the 
rabbit and in man, was minimum at a frequency of cycled pressure midway 
beteen the fundamental frequency and the second harmonic of the resting 
heart rate (204). When surface forces were minimized, distention of the 
pulmonary vascular bed of cats’ lungs produced only slight changes in 
elastic behavior of the lungs during deflation. Both distention and collapse 
of the lungs increased the pulmonary vascular resistance (205). Marked 
edema and chronic pulmonary congestion were cited as producing greater 
loss of lung compliance than acute congestion (206). The increased pul- 
monary vascular resistance following induction of pneumothorax was not 
modified by vagotomy and was concluded to be a mechanical effect of de- 
creasing lung volume (207). Distention of the pulmonary vascular bed, when 
the lungs were at minimum volume, was found to facilitate the expansion of 
the lungs; this force was suggested as a possible factor in the initial expansion 
of the lungs at birth (208). 
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Pulmonary capillary volumes and the true diffusing capacity of the pul- 
monary membrane were studied in seated, exercising, and recumbent sub- 
jects. Both exercise and recumbency increased the pulmonary capillary 
volume. The relationships of changes in pulmonary capillary volume in 
exercise and recumbency suggest that capillaries are either shut or completely 
open (209). Afferent activity in the vagus nerve was found to be related to 
two types of stimuli: that associated with the amount of air in the lungs and 
that related to the degree of distention of the pulmonary vasculature (210). 
Hemorrhage combined with intermittent positive pressure ventilation was 
found to produce complete closure of portions of the pulmonary vascular 
bed and, consequently, a smaller proportionate decline in pulmonary than 
in systemic arterial pressure (211). Data have been published indicating 
that pulmonary collateral blood flow is distal to long-standing occlusion of a 
pulmonary artery but not demonstrable following acute occlusion or in pri- 
mary carcinoma of the lung (212, 213). Of various humoral agents acting on 
the pulmonary circulation, 5-hydroxytryptamine was found to be the most 
active (214 to 216). 


REGULATORY MECHANISMS 


Two useful monographs were published during the past year dealing with 
the comparative morphology of the carotid body and the carotid sinus (217) 
and with reflexogenic areas of the cardiovascular system (218). Hertzman 
(219) reviewed the vasomotor regulation of cutaneous circulation, and 
Weissler & Warren (220) have reviewed vasodepressor syncope. 

Central mechantsms.—Habituation, involving sensation as well as arterial 
pressure and heart rate responses to immersion of one hand in hot or cold 
water, was demonstrated to be confined to the repeatedly exposed hand, 
but the responses returned during treatment with chlorpromazine or dur- 
ing periods of anxiety (221). Responses produced by both divisions of the 
autonomic nervous system were demonstrated to follow transcranial stimu- 
lation (222, 223). Electrical stimulation of the lower brain stem evoked 
vasoconstriction, often associated with inotropic and chronotropic cardiac 
effects. Adrenal medullary secretion and the secondary effects on cardiac 
function were characterized by a long latent period between the onset of 
stimulation and the reponses (224). Activation of the sympathetic vaso- 
dilator outflow by hypothalamic stimulation also increased the output 
of catechols from the adrenal medulla. The relatively high proportion of 
epinephrine under these conditions was related to the indirect vasodilator 
effect of epinephrine through its action on tissue metabolism (225). Local 
application of procaine and of lobeline to deafferented portions of the lower 
brain stem caused a decrease of arterial pressure in anesthetized dogs and 
cats; veratridine chloride applied to the same areas increased arterial pres- 
sure (226 to 228). Central actions of vasoactive agents appear to be rather 
trivial compared to the responses evoked by them through the carotid sinus 
mechanism (229, 230). Tetraethylammonium chloride and mecamylamine 
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were found to have chiefly peripheral ganglionic action as hypotensive agents, 
but the slower action of reserpine on blood pressure was believed to repre- 
sent a contribution of central action in its hypotensive effect (231). 

Reflex regulation —Bradycardia and reflex vasodilatation were elicited 
by direct electrical stimulation of the carotid sinus nerves in human subjects. 
Excitation of the cervical sympathetic trunk gave no evidence of modified 
carotid sinus responses ascribable to changes in transmural tension inthe sinus 
wall, and local application of strong concentrations of norepinephrine 
topically or injected intrathecally into the carotid sinus failed to induce 
significant reflex responses (232). Changes of perfusion pressure in the dis- 
tribution of the superior mesenteric artery, especially in the region of the 
pancreas, produced compensatory, reflex changes in systemic arterial pres- 
sure in cats with intact sinoaortic receptors (233). The relationship between 
mean arterial pressure and the response to occlusion of the common carotid 
artery in dogs was found to be linear in any one animal, but variability 
among animals precluded general predictions of response (234). The effects 
of exogenous hyperthermia (235) and of fever (236) on reflex regulation of 
arterial pressure were explored. 

Depressor reflexes mediated by afferent pathways in the vagus nerve have 
been described. Barer & Kottegoda (237) have upheld the observations of 
Aviado & Schmidt (238) by demonstrating decline of systemic arterial pres- 
sure and bradycardia rather than tachycardia after distention of the right 
atrium. Aviado & Schmidt (239) have recently reported a depressor response 
elicited by distending the left ventricle either by increasing inflow or by 
restricting outflow; the response was abolished by high vagus section but 
not by division of aortic depressor nerves. Systemic vasodilatation has also 
been described following stretching of dogs’ lungs by mechanical traction or 
positive pressure inflation in preparations with separate systemic and pul- 
monary perfusion (240). Bradycardia, increased venous pressure, and de- 
cline of aortic pressure following intravenous injections of 20 per cent saline 
solution have been attributed to spasm at the pulmonary vein-left atrial 
junction as a result of stimulation of chemoreceptors at this site. Vagotomy 
abolished the bradycardia but not the changes of pressure (241). 

The search for ‘‘volume receptors” related to the output of aldosterone 
by the adrenal cortex has included evidence from studies of aldosterone and 
electrolyte excretion evoked by acute postural change (242) and recovery of 
aldosterone from adrenal vein blood following stretch by traction ligatures 
applied to the right and left atrium (243). The report of the study on 
postural changes commented only on volume receptors located “‘in the upper 
half of the body”; more precise localization of the effective stimulus site to 
the right but not the left atrium was suggested in the second of these two 
papers. McCubbin et al. (244) have worked out the complex anatomical dis- 
tribution of the aortic depressor nerve in the rat, and Folkow et al. (245) 
have classified sympathetic fiber groups according to the correlation of stimu- 
lation threshold with functional differentiation. 

Temperature effects—The rise in temperature of skin overlying active 
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muscle has been attributed to direct convection of heat, presumably by way 
of deep-to-surface venous channels rather than by refiex vasodilatation of 
resistance vessels of skin (246). During hypothermia, both systemic and 
pulmonary vascular resistance were found to rise progressively as a result 
of progressive decrease in cardiac output and a local effect of low blood 
temperature on the vasculature (247). Isolated arteries were found to be- 
come refractory to locally applied epinephrine, histamine, or pitressin when 
they were cooled below 10°C., but the inhibition of response was reversible: 
the responses were restored upon rewarming to 37°C. (248). 

The low arterial pressure of rats during deep hypothermia was found to 
be dependent on the low pulse frequency. The heart could remain stopped 
and the circulation completely arrested for 1 hr. at 8°C., with subsequent 
recovery. The same levels of pressure and heart rate were noted at each 
heart temperature during rewarming as those noted during cooling (249). 
Hypothermia in dogs was found to produce significant reduction of plasma 
volume without change of plasma protein concentration. Recovery of ad- 
ditional fluid and plasma protein during rewarming accounted for moderate, 
transient elevation of plasma volume (250, 251). 

Vasoactive substances——Restrictions of space do not permit adequate 
consideration of the large number of papers that would ordinarily be covered 
under this topic. Aviado (252) has published an extensive review on the 
cardiovascular effects of some commonly used pressor amines, and Euler 
(253) has written a chapter on distribution and metabolism of catechol hor- 
mones. The theory of receptors in relation to hormone and drug action has 
been analyzed mathematically and a method for estimating concentration- 
action relations presented (254). Ederstrom ef al. (255) have been unable to 
demo nstrate sensitization to epinephrine and norepinephrine in acutely and 
chronically sympathectomized feet of dogs. An interesting paper by Field & 
Laverty (256) describes a humoral vasoconstrictor agent released into the 
blood stream of anesthetized rats in response to acute blood loss. Neuro- 
genic vasoconstriction was not found to be an important mechanism in 
compensating for temporary, acute blood loss. The humoral agent is more 
abundant in bled, intact rats than in nephrectomized animals, but since the 
material does not increase vascular reactivity to norepinephrine, it is prob- 
ably not identical with renal vasoexcitor material (VEM). The effects of 
electrolytes on vascular reactivity are discussed in the following papers 
(257 to 261). Additional papers cited in the bibliography include the follow- 
ing topics: interactions of the sympathetic nervous system and vasoactive 
amines (262 to 264); release, metabolism, and distribution of vasoactive ma- 
terials (265 to 268); and mechanisms of action of vasoactive materials 
(268 to 271). 


BLoop VOLUME, HEMORRHAGE, AND SHOCK 


Blood volume.—A review covering recent developments in this field was 
published by Gregersen & Rawson (272). In a comparative study, aquatic 
birds were found to have higher total blood, plasma, and erythrocyte vol- 
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umes than nonaquatic birds (273). Increased systemic venous pressure, pro- 
duced by repeated Valsalva maneuvers (274) and by excessive transfusion 
of blood (275, 276), was associated with increased rate of loss from the cir- 
culation of fluid and plasma protein. Blood volume studies are reported in 
the Sherman rat (277) and in the rhesus monkey (278). 

Hemorrhage and shock.—Quantitative data on the effect of blood trans- 
fusion and hemorrhage on the venous return have supplied information 
helpful in understanding high cardiac output failure in hypervolemia and 
the static cardiac output of normovolemic patients given slow transfusions 
(279). The vexed question of total peripheral resistance in shock has been 
studied by Weale (280) who reports a small increase of total peripheral re- 
sistance that he believes may be attributable to accompanying respiratory 
failure. Resistance in the mesenteric bed was found to be reduced during 
shock; exclusion of the liver from the circulation did not delay or prevent 
development of irreversibility of shock. It was suggested that the liver 
normally exerts a protective role in helping to remove from the blood some 
toxic materials produced or released from the intestine during hypotension 
(281). However, Mazur et al. (282) report that low oxygen tension in the 
liver releases ferritin iron through activation of a xanthine oxidase system. 
The decrease of liver blood flow following acute hemorrhage was propor- 
tionately larger than the increasing severity of hemorrhage when both were 
related to body weight (283). Fluid, protein, and red cell losses from various 
organs following hemorrhage of anesthetized dogs were reported (284); the 
critical arterial pressure for release of fluid into the circulation after hemor- 
rhage was 50 mm. Hg (285). The sympathetic nervous system was found to 
aid in the fluid replacement after hemorrhage of normal or splenectomized 
dogs (286, 287). Residual blood volumes associated with survival of 5 per 
cent of bled animals were 61 to 66 per cent of initial blood volumes (288, 
289). The body temperature of febrile dogs and monkeys was increased by 
hemorrhage (290). Hypothermia increased the tolerance to bleeding (291), 
and low environmental temperature or previous exposure to cold increased 
the resistance to hemorrhage (292) and to shock secondary to limb ischemia 
(293, 294). 

Hinshaw et al. (295) found that E. coli endotoxin produced a significant 
reduction of peripheral resistance in eviscerated dogs but Sanford & Noyes 
(296) were unable to detect with adequate methods a significant absorption 
of endotoxin from the gut of normal dogs or those subjected to “irreversible” 
hemorrhagic shock. Adrenalectomized dogs developed fatal circulatory 
collapse when infused with normal dog plasma. The response was reversed 
or prevented by the antihistaminic drug, diphenhydramine (297). Additional 
papers reported the effect of hemorrhage on responses to histamine and 
epinephrine (298), and to endogenous epinephrine (299), and the use of 
norepinephrine (300, 301), dextran (302), and salts of potassium, magne- 
sium, and DL-aspartic acid (303) in the treatment of hemorrhagic shock. 
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EXPERIMENTAL HYPERTENSION 


The hypertension that appears in experimental animals during the second 
to third week following enucleation of the adrenal glands has been the 
subject of several interesting reports. Shelton reviewed the topic (304) and 
commented on the natural history of the response (305). The mechanism of 
the hypertension is not known, but it does not appear as regularly unless uni- 
lateral nephrectomy is also performed and the animals are kept on a high 
salt intake. Ligation of the adrenal pedicle also produces hypertension 
similarly augmented by high salt intake and unilateral nephrectomy (306). 
The hypertension was not affected by sex hormones or by ACTH; the aug- 
mentation of adrenal regeneration hypertension by somatotropin was an 
additive effect and considered’ to be possibly of renal origin (307). Suppres- 
sion of thyroid activity with propylthiouracil prevented and reduced renal 
hypertension (308). 

A synthetic steroid, 3-(3-oxo-176-hydroxy-4-androsten-17a-yl)  pro- 
pionic acid y-lactone, shown to block the action of aldosterone and deoxy- 
corticosterone acetate (DCA) on renal excretion, also prevented the usual 
hypertension associated with DCA treatment (309). The same aldosterone- 
blocking steroid also prevented the development of hypertension following 
adrenal enucleation (310). Adrenalectomized rats maintained on 0.1 mg. 
DCA daily did not develop hypertension following clamping of one renal 
artery, but overdosage with DCA restored both the hypertension and the 
characteristic distribution of renin in the kidneys of renal hypertensive ani- 
mals (311). However, the hypertensive action of DCA does not require the 
presence of the kidney; DCA treatment of totally nephrectomized dogs 
drinking 1 per cent saline accelerated the development of hypertension 
(312). During the active phase of compensatory renal hypertrophy, there 
appears to be some degree of resistance to the hypertensive effect of DCA 
(313). High salt intake continues to be implicated as a factor in essential 
hypertension (314) but several reports from Tobian and his co-workers now 
tend to minimize the importance of high sodium intake and to turn atten- 
tion to degranulation of the juxtaglomerular apparatus as a factor more 
regularly related to experimental renal hypertension (315 to 318). 
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BLOOD VOLUME REGULATION"? 


By E. B. Reeve, T. H. ALLEN, ann J. E. ROBERTS 
Department of Medicine, University of Colorado School of Medicine and 
U. S. Army Medical Research and Nutrition Laboratory, 
Fitzsimons Army Hospital, Denver, Colorado 


INTRODUCTION 


The blood volume V, consists of the volumes of red cells V; and of plasma 
V,, both of which can be measured with reasonable accuracy (1). Granting 
the latter, it is the present purpose to consider only those factors involved in 
the control of blood volume. About 0.93 V, is water, so Vp can be consid- 
ered primarily in terms of W,, the plasma water. This depends on the factors 
controlling the distribution and the total quantity of body water W. The 
volume V, depends on the balance between the rates of formation and de- 
struction of red cells. The blood circulates in a distensible container of com- 
plex morphology, closed except where “‘pores’”’ in the minute vessels are 
thought to control exchanges with the extravascular fluids. The container 
applies pressure to the blood, important in the distribution of W, and its 
distensibility limits changes in Vy. Thus, the understanding of the regulation 
of blood volume requires, first, the elucidation of the components in each of a 
number of interlinked systems, for example that responsible for the distribu- 
tion of body water insofar as it affects W,, that controlling total body water, 
those controlling the formation and breakdown of red cells, and those defin- 
ing the size, structure, and pressure-volume relations of the blood vessels and 
heart; second, the establishing of the components in each system which are 
regulatory, and their mode of action; and finally, the description of how the 
various regulating components are integrated. 


THE CONTAINER 


The circulation consists of many tubes in parallel, distended by trans- 
mural pressures P. The gradients of pressure in the tubes from artery to vein 
depend on tube dimensions and elastic properties, the cardiac output, and 
the viscosity of the blood. The relationship between the volume w of a seg- 
ment of a vessel and the transmural pressure P, that is »=F(P), is not a 
simple function. Such relations, involving Young’s modulus of elasticity EZ 
for the vessel wall were originally discussed by Bramwell & Hill (2) and 
more recently by Burton (3). Following the latter, we obtain the dimension- 
ally homogeneous relation dvy,/vp» = [2/(E£6/ro—P)|dP, which differs from that 
given by Burton (3) by including 6, the thickness of the vessel wall; ro is the 
radius when ~%=%%,9 with P=0. A further complexity is introduced since 
E is not constant because of the different structures in the vessel wall 


1 The survey of literature pertaining to this review was concluded in July, 1959. 
* In part supported by grants from the Colorado Heart Association and Research 
Grant H-2262, U. S. Public Health Service. 
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(3). Assuming 0<EZ=g(P), then dy/m=f[g(P)]dP = F(P)dP, and for the 
entire vascular container, Vj= Vy+2m, where Vy is the volume of blood 
in the heart. The blood volume is a complicated monotonically increas- 
ing function of the transmural pressure. A few studies have been made of the 
dimensions and approximate numbers of vessels in histological material 
(3 to 6) but it is uncertain how close the calculated values of the »’s are to the 
values in the living animal. An approach not so far used is the derivation of 
mathematical models, for example, as done by Cohn (7, 8), and the compari- 
son of their predictions with observations in the living animal. Since %,9 and 
F(P) depend on the nature of the vascular walls, a change in blood volume 
can result either from a change in transmural pressures, caused, for instance, 
by smooth muscle contraction, or in the material of the vascular wall. The 
material of the vascular tree is in a dynamic state, varying with the perfusion 
needs of the tissues. Thus, changes occur during growth (9), regeneration (9), 
probably with the formation of an arteriovenous aneurysm (10), and during 
establishment of a collateral circulation (11). Some account of the formation 
and growth of vessels is given by Le Gros Clark (12). There is no knowledge 
of the controlling mechanisms; and, in general, knowledge of the factors de- 
termining the form and structure of the vasculature scarcely exists. 


THE CAPILLARY MEMBRANE 


Permeability has been examined histologically and also by measuring the 
transcapillary fluxes of water and solutes and describing the results as a 
model. From measurements in the isolated hindlimb, a mosaic model has 
been proposed in which most of the capillary is permeable only to fat-soluble 
solutes, and the remainder (ca. 0.002 of the total) consists of fairly uniform 
water-filled pores of 30 to 45 A radius (13). Some of the assumptions and 
mathematical formulations of this model have been reviewed (14). Further, 
when dextran ranging in molecular weight from 5000 to 300,000 is infused 
into the blood and the proportions of different molecular weights are meas- 
ured in the lymph from the cervical and leg ducts, the steady state dextran 
concentrations indicate complete permeability for dextran molecules of ca. 
20 A radius, sharply decreased permeability for dextran of 30 to 40 A radius, 
but some residual permeability allowing dextran passage of 300,000 molecu- 
lar weight but not passing plastic spheres of 350 to 450 A radius. This is 
thought to show pore radii, one ca. 30 to 40 A, the other <350 A. Liver 
capillaries allowed passage of all the dextran molecules with little hindrance 
(15). There is no evidence that pore numbers and sizes are altered by vaso- 
constrictors or vasodilators, but presumably the number of pores available 
for filtration depends on the number of open capillaries (13). When the 
vascular system is grossly distended, for example by a massive infusion of 
albumin solution, the pores in the capillaries drained by the thoracic and 
right lymph ducts behave as if enlarged (16). Thus, at least two sizes of pores 
occur in the capillaries of the skin, connective tissue, and skeletal muscle, 
with larger pore sizes in the liver sinusoids, and pores may also show distensi- 
bility. The electron microscope (17) shows the diversity of capillary struc- 
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ture. The capillaries in muscle, skin, connective tissue, and lung have no visi- 
ble pores (thought to be detectable at radii exceeding 15 A). The liver sinu- 
soids have gaps of 200 A or greater between the endothelial cells; the intes- 
tinal capillaries have holes of 200 A or greater passing through the endothe- 
lium. The capillary endothelium is not a homogeneous membrane with uni- 
form pores, but rather organized cell protoplasm with nucleus, mitochondria, 
vesicles, and “‘caveolae’’, indentations passing part way through the endo- 
thelium perhaps having transport functions. It is thought that the postu- 
lated number of pores (13) should be clearly shown by the electron micro- 
scope. Assuming adequate distention of the capillary endothelium for satis- 
factory histological examination, a possible reason for the discrepancy be- 
tween the model and the histological findings is incorrect formulation of the 
model (18, 19). 


THE FACTORS CONTROLLING PLASMA VOLUME 
SPECIFICATION OF SIMPLIFIED MODEL 


At fixed temperature, distribution of body water W depends on forces, 
here specified as hydrostatic and osmotic pressures, which cause water fluxes 
across the capillary and cellular membranes. Osmotic pressures depend on 
the concentrations of permeable solutes, which are chiefly sodium salts in 
the plasma and interstitial fluids and potassium and magnesium salts in the 
intracellular fluid, and of impermeable (or slowly permeable) solutes, which 
in the plasma and interstitial fluids are mainly the plasma proteins. The flux 
system is described with the following notation and the much simplified 
scheme of Figure 1. 

In this formulation the following subscripts are used: 


r=red cells z=plasma protein 
p=plasma «=capillary 
e=interstitial a=arterial 
c=intracellular v= venous 
w= water i=1,2,3+-+-+ refers to a subclass. 


s =permeable solute 
The primary symbols employed will be: 


W =water in I. or kg; 

j= flux in a tissue segment, e.g., j2,.0= water efflux from the capillary in a tissue 
segment, j;,z.=lymph protein flux from a tissue segment; 

J=sum of particular j’s, or total flux, e.g., J20=)_.j2.w; Jz..=rate of solute ex- 
cretion; 

m™=osmotic pressure in mm. Hg., e.g., 72,,=osmotic pressure of plasma protein 
within the capillaries; 

P=hydrostatic pressure in mm. Hg., e.g., P,=capillary hydrostatic pressure; 

n=milliosmols; of permeable solutes, ”,; or non-permeable solute, 1,; 

C=concentration in milliosmols per liter, or kg. of water (mOsm./I.); 

s=the collective permeable solutes; 

z=the collective impermeable solutes. 

Primes denote time derivatives, e.g. ds,/dt=n's,y. 
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Fic. 1. Simplified model of body water compartments and the fluxes (the J's) 
between them. Shown are the gut (here considered only as an intermediary compart- 
ment), the plasma Vj, the interstitial compartment V, and the intracellular com- 
partment V,. Fluxes of water and solutes pass in both directions between the compart- 
ments. Except for lymphatic reflux, exchange between V, and the other compartments 
occurs across the capillary membrane. The hydrostatic pressures P and osmotic 
pressures 7 are denoted with subscripts defined in the text. The influxes (J,) and 
effluxes (O,) of *he plasma proteins are included. 


To avoid hidden assumptions we now specify the following model, or its 
equivalent. Despite severe deficiencies, pointed out by Harris (20), it allows 
a simple formulation. Only water-soluble, fat-insoluble solutes are consid- 
ered, and it is assumed that the capillaries and cell membranes behave as if 
they had water-filled pores. The capillaries are presumed impermeable, or 
slightly permeable, to the z but readily permeable to the s. The cell pores are 
imagined permeable only to water, and the s which enter are presumed to 
enter through separate sites by active transport. The effect of charge is 
neglected, perhaps permissible with the capillary pores but probably not 
with the cellular pores, and the s include both uncharged and charged parti- 
cles. Included with the z are the ions bound by Donnan forces (21). Recent 
formulations of the permeability equations in terms of the thermodynamics 
of irreversible processes take into account the interactions of solute and solv- 
ent, solute and membrane, and solvent and membrane. Using equation 39 of 
Kedem & Katchalsky (19), neglecting the small term ¢Az,, for a small seg- 
ment of the capillary bed net water flux j2,w—js,w is 


i2,0—J3,w =IL[AP — Ar — oRT (Cun 7” Cure) 
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where 
AP = P, — P,; 


Ar. = Tex — Tere} 


L=membrane permeability coefficient, ml./(min.)(mm. Hg); and 
ao =solute:membrane coefficient, ranging between 0, with the membrane 
completely permeable, and 1, with the membrane completely im- 
permeable (19). 
Taking V =”RT, and summing all values through the various tissues 
Jew — Jao 


L = AP — RT [Cox ’ _ o(Con — Cue) ] 2. 


where the bars indicate the appropriate mean values. Since Cz.~C:z,p 
=Mz,p/Wp, CexCs,p =Ms,p/ Wp, and in a steady state J2,.0—J3.0=J40, then 


RT (nz, + oMs.p) 
AP — Jeuo/L + RT (Cae + 3Co.s) 


W,= 





If C.,e, at the external surfaces of the capillaries =a-n,,-/W., then a useful re- 
arrangement of 3 gives 


Ns.p 


Gtae/We — (Corp — Con) + (AP — Jeue/L)/RT 


W,= 





3a. 


We now consider the factors in equation 3a in detail. 

Total plasma colloid nz,p.—The solutes z are primarily the plasma proteins 
and the ions associated with them by Donnan forces (21), which in human 
plasma contribute about one-third of 7,. Ordinarily about 0.8 7, is attribut- 
able to plasma albumin (21), the remainder to globulins; but a healthy family 
with analbuminemia has been described (22) so that other colloids must be 
able to substitute for albumin. Writing m2,»’=J,+J42—O.—(J2,2—Js,z) 
shows that n,,p depends on the four rates: J, and O, (see Fig. 1), the rates of 
plasma protein synthesis and breakdown, and J4,, and (J2,z—J3,2) the rates of 
lymph protein return and net capillary leakage. In a steady state I, +J42=0O; 
+(J2,.—Js3,z) and I, =O, and hence Js,,=J2,.—J3,z. The study of this steady 
state system is possible with satisfactory isotope-labelled proteins and with a 
a mathematical model which allows proper formulation of the rates. Re- 
cently advances have been made in both of these requirements. A satisfactory 
labelled protein must be fairly pure, must have an easily measurable label, 
and must not be distinguished by the body from the unlabelled protein. Bio- 
synthetically labelled proteins (23) do not differ chemically from the native 
proteins and so have been used as standards, but interpretation of results is 
complicated by some recycling of the label. Chemically labelled proteins, for 
example, by iodination (24), are easier to prepare and measure, but abnormal 
groups are introduced and the protein may be damaged during labelling. 
Thus overiodination (25), iodination in strong oxidizing agents and at high 
pH (25), and overexposure to radiation (26) damage the protein. The signif- 
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icance of early experiments using damaged protein is unclear. However, re- 
cent methods (25, 27) allow the preparation of I"!-albumin which in the rab- 
bit and rat (28 to 30) is scarcely distinguishable from biosynthetically 
labelled albumin and is probably also satisfactory in man (22, 31, 32). Earlier 
mathematical formulations (33) have been improved (29) and further de- 
veloped (34 to 36). Thus, provided a satisfactory I"-albumin is used, it is 
possible to measure J,, O., and approximately J;,-, (J2,.—Js3,z), and Mz,. 
Regarding J,, in the rat the liver is the sole source of albumin and a num- 
ber of the globulins (37, 38), but the plasma cells and other reticuloendo- 
thelial cells make most of the gamma globulins (39, 40). To appreciate 
the contribution of a single cell (41), note that the 1.7 kg. human liver has 
ca. 2X10" hepatocytes which make 10.5 gm. albumin per day (32) ora single 
liver cell synthesizes ca. 5X 10* albumin molecules per second. Though these 
cells fluctuate in size and RNA content (42) an important rate-controlling 
factor ordinarily must be the number of liver cells. In the adult rat liver 
about one mitosis is seen per 50,000 cells (43), and mitosis takes about one 
hour (44). Partial hepatectomy is followed by decreased plasma albumin 
concentration and, after about 24 hours, an outburst of mitoses reaching per- 
haps several hundred times the resting level. After several weeks liver size is 
restored and mitoses are reduced to initial levels. Fluid restriction may re- 
duce the number of mitoses after partial hepatectomy (43). Partial hepatec- 
tomy in one parabiotic rat leads to liver growth in the other (44). Thus the 
numbers and bulk of the liver cells are labile and must be governed by strong 
controlling factors. These are, as yet, undefined. The rate of albumin syn- 
thesis for healthy man is ca. 150 mg. per kg. per day (31, 32); for rabbit ca. 
250 (30, 36); and for rat ca. 1800 (34). Few other acceptable measurements 
have been reported. Albumin synthesis may not increase in the nephrotic 
syndrome (45, 46) and is apparently little reduced with large and repeated 
dextran infusions (47). Although the rate of synthesis must increase after 
hemorrhage, no satisfactory measurements have been reported. The maxi- 
mum rates of formation of the plasma proteins in health are unknown. 
Plasma proteins are continually broken down, O,, but little is known of 
how and where. Presumably the more stable proteins are broken down en- 
zymatically, probably to amino acids (48) or perhaps to polypeptides (49). 
The liver accounts for up to one-seventh of the total albumin catabolized 
(50). Other catabolic sites claimed are the kidneys and the reticuloendothelial 
system (51), though evidence (52) is against breakdown in the Kupffer cells. 
Tracer experiments indicate that the catabolic sites are in close communica- 
tion with the blood stream (53). Prednisone and hydrocortisone (54) and 
large doses of thyroxine (55) cause some increased albumin catabolism, and 
the rate of albumin (56) and plasma protein (57) catabolism is claimed to 
vary with dietary protein. Increased albumin catabolism may occur in essen- 
tial hypoalbuminemia in man (58). The process controlling albumin catabo- 
lism might be zero order, first, or higher order; and it has been suggested that 
catabolism of albumin, gamma globulin, and fibrinogen (53, 59) is first order. 
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However, albumin in low concentration saturates many surfaces (60) and 
might be expected to saturate a transport or enzyme system, and evidence 
indicates zero order catabolism (61). Control of the rate of albumin break- 
down, then, must depend on the total quantity of proteolytic enzyme or 
transport substance. 

Total interstitial colloid z.—Confining our attention to small tissue seg- 
ments in which synthesis and catabolism do not occur 2,¢,4=j2,2—J3,2—J4,2 
and introducing water fluxes in the steady state 


(joe 7” Fs.2)/(Jouw = Js.w) = Jae/ Jaw aad ts.0.i/W «i 4, 


Though many of the plasma proteins have been demonstrated in the tissue 
fluids (59, 62a), few quantitative measurements have been made. Rabbit 
skin contains ca. 0.7 gm. albumin per 100 gm., equivalent to 0.25 to 0.3 of 
nz,» (63). On certain assumptions estimates of 1,,e,; can be obtained by using 
isotope-labelled proteins; thus rabbit skin and tendon contain ca. 0.15 and 
0.1 of the albumin in an equal weight of plasma (64) and perhaps in man 
Nz,e,i of skin is 0.45, muscle 0.37, and heart, lungs, liver, kidney, and spleen 
0.1 of 2,p (65). If W.,; is also determined, and provided the interstitial struc- 
ture is homogenous (66), C:,e,; can be determined. In rabbit skin and tendon 
Cz,,i is about 0.3 and 0.15 of C.,p (64). Because of the pressure and concen- 
tration gradients along the capillary and the rapid diffusion of water, Cu, 
may not be the same as aC,,-,;, the mean concentration of protein adjacent to 
the external surface of the capillaries (15), but cannot be greatly different. 
For muscle aC,,-,; has been calculated as 0.8 gm. per 100 ml. of fluid (67). 
The volume and protein concentration of the tissue fluid determines 
Nz,e,4 Which, because of the lymphatic valves, primarily depends on the rate 
of entry and protein concentration of the capillary filtrate. The lymphatic 
outflow can only carry off the interstitial fluid present and thus limits W,,;; 
factors affecting this outflow are discussed in (62b). Equation 1 and excellent 
experiments (13) show that the net water flux depends on a permeability 
factor L, which is related to the number and size of the capillary pores avail- 
able for filtration, and the driving forces AP and Az; providing ¢ is small. The 
net protein influx j2,.—/js,2 is defined by equations 32 and 33 of Kedem & 
Katchalsky (19), and another derivation is given by Duncan et al. (64). This 
influx depends on the size and number of pores in the membrane, the driving 
forces, that is the concentration difference AC. together with the net water 
flux across the membrane, and the interaction of z and water with the pores 
of the membrane. Albumin-I!™ enters various tissues at greatly differing 
rates (68, 69), for instance, passing rapidly into the liver and intestine and 
slowly into lung and kidney. From equation 4, in a steady state, lymph efflux 
of protein and water equals the capillary influx. Lymph flow from the liver 
and intestine is rapid with high protein content, from the muscles and skin 
slow with lower protein content (62a,b,c), differences probably reflecting dif- 
ferences in capillary porosity. If the rate of influx and composition of the 
capillary filtrate are altered and maintained, a new steady state results. Thus, 
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on starting exercise the lymph flow from a dog’s limb increases and its pro- 
tein content falls till both water and protein efflux become constant (62b). 
When dextran is infused, after a preliminary wash-out period the ratio of the 
dextran concentrations in lymph and plasma becomes constant (15). The 
evidence so far discussed shows no direct relation between n,,-,; and the rate 
of lymph flow. However, provided a steady state is established, equation 4 
shows that 12,e,;/We,; equals the lymph protein concentration. For active 
skeletal muscle this averages about 1 gm. per cent (62b) and for skin 0.5 to 2 
(62c). Because of interactions of pores and proteins, the smaller proteins may 
be found in higher concentration in the lymph than the larger (62a). From 
experiments with albumin-I!* it can be calculated that Js. per day for al- 
bumin is ca. 1.1 of m.z,p in rabbit (36); and 1.3 in rat (34). In anesthetized 
dogs over 0.7 of the measurable total lymph flow and the major measurable 
protein flux of ca. 0.5 ,,, per day passes through the thoracic duct (62d). In 
anesthetized cats ca. 1 .,, passes through the thoracic duct per day, of which 
0.4 comes from the liver and most of the remainder from the intestines (70). 
Liver W,,; and m-,e,; are small (71) and are not known for the intestines. Thus 
it seems that a major part of m.,e, for example, in skin and muscle, is in slow 
exchange with ,,, whereas a minor part, in the abdominal viscera, is in more 
rapid exchange. For transfers of proteins to occur, j2,.—j3,z must differ from 
j4,z. Such transient states may occur after hemorrhage and infusions. Initially 
after hemorrhage the restoration of blood volume largely depends on increas- 
ing 2,» (72) which in part depends on replenishment from n;,- (73, 74). Trans- 
fer is slow (75). Giving large quantities of fluids by mouth (62c) or saline by 
vein (76) greatly increases thoracic duct flow, mainly from intestinal lymph 
(71), and causes some increase in thoracic duct protein flow. This may cause 
some temporary alteration in m,,y, soon restored to initial levels (76). With 
isotope-labelled albumtn, n.,-/n.,, for albumin in man is ca. 1.3 (31); for rab- 
bit ca. 1.5 (36); and for rat ca. 1.0 to 1.4 (29, 34). 

o(Cs.p—Ces.e)—No values of o for sodium salts are available but on 
plotting permeability coefficients for muscle capillaries given in Table 5 of (13) 
against the o values given in Table 3 of (19), o must be <0.01. We provision- 
ally take ¢=0.01. The concentration difference C,,,—Cs,e is probably also 
small (77). The prevailing concentrations are ca. 300 mOsm. per |. (20a), and 
it is improbable that C,,,—C;,- exceeds 10 mOsm. per |. Thus, ¢(Cs,»— Ca, e) 
~0.1 mOsm./1. 

Ja,w/L.—In a steady state Jo.—J3,0=Js,, the total lymph outflow, be- 
lieved to pass mainly through the thoracic duct (62d). Thoracic duct flow in 
resting man and animals usually ranges between 25 and 70 ml. per kg. per day 
(62e); it may be temporally increased five to tenfold by massive saline infu- 
sion or by congestion of the liver (71) and three to fourfold by moderate ex- 
ercise or a meal of fat (62c). From these results Js,.. probably does not exceed 
100 ml. per kg. per day. Values for L, the filtration coefficient, expressed per 
unit weight, are‘summarized by Renkin & Pappenheimer (13). In the human 
forearm L averages 0.06 ml. per min. per mm. Hg per kg.; in the perfused 
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dog hindlimb 0.14; and in the cat hindlimb 0.1. For men subjected to re- 
peated Valsalva maneuvers L initially averages 0.04 (78). With this latter 
value J;../L in man averages ca. 1.75 mm. Hg. Note that from equation 2, 
J s./L=AP —An,—GAr,. Thus, the transcapillary hydrostatic and osmotic 
pressures are closely counterbalanced, and the main sites of disequilibrium 
are the abdominal viscera. 

Transcapillary pressure, AP.—Ina given tissue AP=P;,,;—P..,;, the dif- 
ference between mean capillary and tissue fluid pressures. Direct measure- 
ments of P, in single capillaries have only been made in a few mammalian tis- 
sues (79). In the human nail fold capillaries held at heart level, pressure at 
the arterial end averges 32 mm., in the middle of the capillary loop 20 mm., 
and at the venous end 12 mm. Hg. The pressures are readily increased by 
venous congestion, lowering the hand, heat hyperemia, and histamine injec- 
tions (80). In the cat and guinea pig mesenteries, the pressure range is about 
the same with rather higher pressures at the venous end; the pressure at the 
arterial end is higher and at the venous end lower than the measured 7,,p 
(81). In the isogravimetric perfused hindlimb in which P, can be exactly con- 
trolled and where P<~0, P, approximately equals measured 7,p over a range 
of plasma protein concentrations (67). In the kidney, in which j2,, at the 
glomerulus is great, glomerular P, is perhaps about 60 mm. Hg (82). Much 
work (cf. 67, 79, 80), shows that P, is readily altered. If arterial and venous 
pressures remain constant, changes in P, depend on changes in arterial Ra, 
and venous R, resistances. According to equation 21 of Renkin & Pappen- 
heimer (13) and using present subscripts, P,=(Pa: R»/Rat+Pyv)/(1+R,/R,), 
which shows that P, is increased by increased values of Pa, Py, and R,/Ra 
and reduced by reduced values. A given change in P, has much more effect 
on P, than a given change in P, (67). 

Few direct measurements of tissue tension have been made. In supine 
man, subcutaneous pressure in the hand and forearm at heart level averaged 
about 2 mm. Hg and about 3 mm. in the dorsum of the foot and pretibial 
area. In the latter, pressure might double with accumulation of edema fluid 
Intracutaneous pressures might be 2 to 3 mm. higher than subcutaneous pres- 
sures (83 to 85). In mouse skin, pressures ranged from 0.4 to 4 mm. and 
might double with inflammatory edema and increase to 25 mm. with venous 
congestion (86, 87). If 72,, were the sole mechanism limiting transudation of 
fluid from the plasma, then doubling P, would lead to approximately halving 
of V,. However, many tissues show limited distensibility, P.,; presumably 
rising rapidly with V,,;. Thus, when man rises from recumbency and stands 
still, he loses ca. 0.10 of plasma water with a little plasma protein over the 
next 30 min. mainly into his leg tissues, after which there is no further loss; 
and when he lies down, the fluid is restored in about the same period (88, 89). 
When the arm is congested, the rate of tissue fluid accumulation, which de- 
pends on the congesting pressure and the temperature of the arm, rapidly 
falls off, to reach low levels after 30 min. Previous accumulation of tissue 
fluid reduces the rate of accumulation caused by a given congesting pressure 
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(90). When systemic venous pressure is raised by repeated Valsalva man- 
euvers over 30 min., fluid leaves the blood rapidly for the first 10 to 20 min., 
but after a loss of ca. 0.07 of blood volume little further fluid is lost. The lost 
fluid contains perhaps 1 to 2 gm. per cent protein (78). Thus, factors which 
raise P, cause limited changes in W,, probably because of the associated rises 
in P,. 

In concluding this section, approximate numerical values can now be 
introduced into equation 3a. Taking for a 70 kg. man, .,,>=3.8 mOsm., 
Nz,.=5.0 mOsm., We=121., &(Ce,p— Coe) =0.1, AP = 20 mm. Hg, Js0/L =1.8, 
and RT=19.4(l.) (mm. Hg) per mOsm., plasma water is 2.85 1. which is a 
reasonable estimate. 


Factors AFFECTING THE STEADY STATE DISTRIBUTION OF BoDY WATER, 
AND PARTICULARLY THOSE AFFECTING PLASMA WATER 


Theoretical considerations—We now examine the relations between 
plasma water and the other body water compartments. The steady state dis- 
tribution of water between V, and V, is given by rearranging equation 3a: 


Nep —OMnp OP — Jaw/L _ OMe — ONs,0 
W> RT - W, 


Writing @ for (AP—Js,~/L)/RT, provided Gnz,>/W p=Gne,e/We, equation 5 
becomes W,/W.=(nz,»—0- W,)/a-nz,e, which states that water is distributed 
between V, and V, as the total plasma colloid—less a factor depending on 
AP and lymph flow, and the total interstitial colloid at the capillary mem- 
brane. Changes in this last quantity can thus affect water distribution. If 
Ns,p/ Wp Ne,e/ We, since Cs,p and C,,. are approximately 300 times greater 
than C.,», equation 3a shows that, even though ¢ is very small, a difference 
between C,,, and C,,- will affect water distribution. Summation of the forces 
and water fluxes across cell membranes, as earlier made for the capillary 
membranes, yields 





5. 


Ww = RT (nz.c + OMz,c) 6 
© AP = Uae — Jeu)/L + RT (Care + FCoa) ' 





where AP is the mean hydrostatic pressure across the cell membranes, and 
@ and Z are the mean cellular membrane coefficients. By definition, in the 
model ¢ =1.0. When W! =0, Js,u0=Je., and taking AP=0, and Cz,e= Nz,e/ 
W., we get 


(Nye + Ms.e)/We = (Me + Ns,c)/We 7. 


which describes the distribution of water and salt according to the principle 
of isosmolality. Since C,,, probably cannot exceed 10 mOsm./per I., the dom- 
inating factors in water distribution between V, and V, are m,,¢ and ,,¢. Tak- 
ing a value for 7.,-/W. from equation 7 and substituting it in equation 3a 
yields the general equation 8 which may be rearranged to give 8a. 
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~ a Ns.p + ONs.p 8 
Pp —_ ad —_— — a 
A(N2.c + Marc) e (a — G) Mae 4 AP — Jao/L 
W. W. RT 
Ns.p + OMs,p = AP — Juo/L = a(nz,c + Ms,c) (a ~~ 7) Mee 8a. 
Wp RT W. W. 


For examining the two above equations we take a~1.0, ¢~0.01. Writing 
X =a(nz,c+Ms,c)/We, Y=(a—G)mg,e/We and Q=(nz,,+6ns,p)/W,, equation 
8a becomes Q—0 =X — Y. We note that Q and @ are small, ca. 1 mOsm. per 1. 
but X and Y are ca. 300 mOsm./I. and therefore the latter, unless exactly 
balanced, can dominate the distribution of water. This is further emphasized 
by rewriting equation 8, W,=(n2,»+0ns,»)/(X — Y+6). From equation 8 we 
note the following points. For W, to remain constant for given 12,p+@Ms,p, 
X— Y-+6 must remain constant. Since X and Y are concentrations, X — Y 
can remain constant with widely varying volumes of W. and W,. However, 
6=[P,—(Pe+Jsv/L)\/RT, and since P,=f(Ve, V-) and Js=g(P.), where 
f and g are at present undetermined functions, a change in W., W,, or both 
will alter 9, thus causing a shift of water into or out of V, till a new equi- 
librium is reached. If X — Y assumed significant positive or negative values, 
the effect on W, would be disastrous. This is presumably prevented by rapid 
distribution of water. Thus if ,,, is suddenly increased, water must be redis- 
tributed rapidly to prevent significant change in X — Y. The forces causing 
this redistribution are potentially very much greater than the forces acting 
across the capillary membrane. 

To define the steady state distribution of total body water W, it is neces- 
sary to measure any three of the four volumes W,, W., W., and W when 
J, =J;=0, or when 4; and J; are small and measured, and when the internal 
fluxes are in equilibrium. At present only W, (1) and W (91, 92) can be meas- 
ured with sufficient accuracy, though a number of methods provide rough 
estimates of W, (91). Methods under development (93) may allow more ac- 
curate measurements of W,. Thus, at present, satisfactory measurements of 
the distribution of body water are not possible. 

Changes in total body water—Lamentably few measurements of plasma 
water have been reported during known water deficits and none during 
known water excesses. In dogs made short of water by a ten day period of 
water deprivation, in terms of the control values, plasma volume fell to 0.71, 
thiocyanate space to 0.80, C.,, rose to 1.113, but .,, was only 0.77 of initial 
level, the hematocrit rose to 1.17? and the serum chloride to 1.05.3 Weight 
loss was 0.15 to 0.2 of initial weight; and body water, measured by the sul- 
fanilamide method, fell to 0.83. These experiments were complicated by nu- 
tritional disturbances such as fall in mz, (94). It has been claimed that plasma 
water does not fall in man during several days water deprivation (95), but 
plasma volume was not measured. During water intoxication, with a 5 per 


3 Additional values kindly provided by J. H. Holmes. 
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cent weight gain in 27 hr., a patient showed 10 per cent falls in hemoglobin 
and 8 per cent in plasma protein concentrations; and in dogs with tied ureters 
given much greater water loads, greater falls were seen (96). Thus, during 
water intoxication, plasma water probably increases. During even copious 
water drinking ordinarily only minute changes in hemoglobin concentration 
and C.,, are seen (97, 98). The principle of isosmolarity appearing in equa- 
tion 5 and subsequent equations states that at equilibrium, cell and inter- 
stitial water are distributed as cell and interstitial solute. This seems true 
when dogs, in which water excretion is prevented, are given large water 
loads; water redistribution appears to be completed in about two hours 
(99). The sodium and potassium ions are distributed as is the body water in 
patients showing wide ranges of body water and exchangeable sodium and 
potassium (100). Reviews of the concepts of isosmolarity are available (77, 
101). 

Changes in colloid.—The great importance of n.,, for plasma water dis- 
tribution, noted earlier, is emphasized by equation 8, but at present only a 
semiquantitative description of the effects of adding or removing measured 
quantities of plasma protein can be given, and no information is available 
about the effects of changes in interstitial colloid. By neglecting the rela- 
tively small terms J4./L and &(C,,»—Cs,e) of equation 3a and considering 
two steady states, i.e. Wp,1 and Wp ,2, we can write 


Wp.r(aCs.e1 + APi/RT) 
Me,p,1(0C2,0,2 + AP2/RT) 
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Wy2= 





2p? 


Thus, soon after hemorrhage, when C.,¢,2™Cz,e,1, Wp,2 is a linear function of 
Nz,p,2 provided AP,=AP;. Also Cz,p,2/Cz,p,1=(@Cz,e,2+4P2/RT)/(aC-,¢,1 
+AP,/RT) and in man and dog there is some fall in C,,, after hemorrhage 
(102 to 105), implying AP, <AP,, as must be true from the pressure-volume 
relations in the blood vessels already noted. Thus more water is associated 
with the remaining colloid. Many observations (cf. 102, 104, 106 to 08) 
have shown that after hemorrhage plasma water is restored to normal levels 
by giving colloid as plasma protein, as plasma albumin, or as plasma colloid 
substitute, but is not restored by giving crystalloid solutions unless massive 
quantities are infused (109). When 30 to 60 gm. of human serum albumin in 
25 per cent solution were injected into subjects just bled 10 to 20 per cent of 
blood volume, one hour later an average of 17.4 ml. of water (range 13.2 to 
24) was “‘bound”’ per gm. albumin injected (106). When excess colloid is in- 
jected into the circulation of bled or normal animals, much of it soon leaves 
the blood and passes into the tissue fluids (15, 110), where it presumably 
either circulates or is metabolized. Dextran is temporarily stored in various 
cells before metabolism (107, 108) and polyvinyl pyrrolidone (108) and gum 
arabic (108) perhaps permanently stored. The net effect on plasma water 
will thus depend on the postinfusion values of 1.,p, of m2z,e, of the catabolic 
rate of the colloid O, and on any storage in cells. When subject D. R. (111) 
was given 620 gm. of human serum albumin over 16 days, as judged by 
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nitrogen excretion, 468 gm. were metabolized. Plasma water rose from 3.86 I. 
to 4.29, plasma albumin concentration from 3.86 to 5.11 gm. per cent; total 
plasma protein from 6.54 to 7.63 gm. per cent; total circulating plasma al- 
bumin from 149 to 219 gm.; and the hematocrit fell from 47.5 to 41.7. Thus, 
of the 152 gm. unmetabolized, 70 were in the plasma, and 82 were presumably 
in the tissue fluids. If repeated, large quantities of colloid are given paren- 
terally to rabbits, blood volume can be maintained over several weeks at 1.5 
times initial levels (47). In four dogs fed an adequate diet, plasma protein 
was removed by repeated plasmapheresis with return of the dog’s own, and 
matched donor, red cells. No measurements of C,,p are given, but colloid 
osmotic pressure fell to about one-half the initial levels. Plasma water showed 
little change, but thiocyanate space increased in three dogs by ca. 0.25 (112). 
Further and more complete experiments of this kind would be very informa- 
tive. 

Changes in permeable solutes—The term X — Y of equation 8 signifies the 
difference in permeable solute concentrations and thus involves both the 
quantities of solute and of water. Therefore, a change in X — Y might result 
from a change in cellular or interstitial solute, or water, and the latter would 
affect AP as noted. Further, as will be seen, changes in Y and probably X 
can have profound effects on J; and J; for both solutes and water. This makes 
the study of steady state conditions with distortions of salts and water diffi- 
cult, and few such studies have been attempted. Only a few of the numerous 
studies on body salts and water report actual measurements of plasma vol- 
ume and the results in these are only sufficient for a qualitative treatment. 
There is very little information on the factors in the term X, and we there- 
fore deal first with those in Y. 

Dogs rapidly excrete NaCl solutions, and in healthy dogs NaCl injections 
cause only a short-lived increase in plasma water and thiocyanate space (113, 
114a). Similar studies do not appear to have been made in dogs without kid- 
neys, but injections of hypertonic NaCl into such animals cause unmeasured 
shifts of water into interstitial spaces and plasma (115). In adult man a salt 
load, for example 40 gm. NaCl over two days, with free access to water, tem- 
porarily increases plasma water by 0.15, body weight by 0.03, reduces plasma 
total protein concentration by 0.06; raises antecubital venous pressure (116); 
and increases thiocyanate space (117). Increased W, (and V,) occurs in con- 
gestive heart failure with edema, and W, falls with loss of edema (118, 119). 
In congestive heart failure with edema, but without cor pulmonale, the 
average Vp was 3.361. per sq. m., compared with 2.56 1. in control men; and 
V, was 2.08 1. compared with 1.53 1. in the controls (119). An increase in 
plasma water in man is caused by injections of 10 mg. deoxycorticosterone 
daily (120) presumably from salt, with accompanying water, retention. In 
dogs made short of salt by various methods, W, and thiocyanate space de- 
crease (121, 122). The adrenalectomized dog loses salt and shows reduced W, 
and some reduction in thiocyanate space (123). Salt shortage in men results 
in weight loss, probably because of decrease in W, and W,. At first the loss 
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loads of +0.02 body weight, renal water excretion can range from about 
0.3 ml. to 12 ml. per min. (133). Urinary water excretion is assumed to be 
controlled largely by the rate of secretion of antidiuretic hormone (ADH) 
(145 to 147), though it may be noted that in dogs considerable increases in 
glomerular filtration rate and renal plasma flow can be caused by water ex- 
cesses. Current views of the ADH system (148 to 150) are that ‘‘neuro- 
secretory material”, in some way associated with ADH, is secreted by cer- 
tain hypothalamic nuclei and passes down axons to the posterior pituitary 
(151, 152) where, in response to afferent stimuli, ADH is released and passes 
into the blood stream to which it is perh: ps chiefly confined (153) and from 
which it is mainly removed by the liver and kidneys (153). Perhaps about 
0.1 of that secreted passes into the urine (154). Purified vasopressin in 
physiological doses causes the inhibition of a water diuresis (148, 155); and 
assay of ADH, perhaps not altogether specific (156), utilizes this property in 
test animals without functioning pituitaries. Though such assays may be 
satisfactory during high rates of secretion, particular difficulty is found in 
measuring ADH during low secretory rates (in diuresis) because blood levels 
are much too low to measure and urinary excretion is slight and variable 
(154). Increased diuresis in animals and men with functioning pituitaries, 
though often interpreted in terms of decrease of ADH secretion, provides un- 
certain evidence of such change. The following stimuli probably cause in- 
creased rates of secretion of ADH: reduced mole fraction of plasma water (as 
from increased NaCl content) probably acting on ‘‘osmoreceptors’”’ in close 
association with the hypothalamic nuclei (157 to 159), pain and emotion 
(159), and hemorrhage in rats and dogs (160) but not in man unless fainting 
occurs (154, 160, 161). After hemorrhage the activity of stretch receptors in 
the left atrium is reduced; discharges from these receptors carried along the 
vagi may ordinarily inhibit ADH secretion (162). The rate of ADH secretion 
is thought to be reduced by excess water (149b) presumably by an increased 
mole fraction of water acting on, or failing to stimulate, the osmoreceptors; 
by negative pressure breathing (163, 164) thought to stimulate the left atrial 
stretch receptors by causing atrial distention (162); and by distention of a 
balloon in the left atrium (162). The latter is claimed to cause some reduction 
of ADH in the blood (165). In man, various ‘‘volume”’ changes or redistribu- 
tions have been claimed to be associated with water diuresis, and so with 
reduced rate of ADH secretion (149c, 164). These include assuming the re- 
cumbent position, and the infusion of isotonic saline into suitably prepared 
recumbent subjects and into sitting subjects pretreated with salt. 
Sodium.—A 70 kg. man contains approximately 3700 m.eq. sodium of 
which ca. 1600 meq. are in bone (166), and most of the remainder is in the 
extracellular fluids. A variable fraction of the bone sodium can pass into 
solution in the extracellular fluids (167, 168). If sna is the quantity of extra- 
cellular sodium in solution, sNa=Ji,na+(Os,na—Ja.na)—Jz,Na, where 
Oz,Na is outflux and Jg.na is influx of bone sodium. Little is known of the bone 
sodium fluxes or of the daily variations in sya, but the latter ordinarily are 
probably not great. A crude drive to ingest salt exists in salt deficiency states 
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(114f, 124), and man will not drink strong salt solutions, but otherwise con- 
trol of snais primarily by J7,na. In tropical climates (169) and in certain in- 
herited abnormalities of the sweat glands (170) considerable quantities of 
sodium can be lost in the sweat, but ordinarily J7,n, in health is primarily 
through the kidneys. Man and laboratory animals respond to zero sodium in- 
take by a fall of perhaps 10 m.eq. in serum sodium, and a very low urinary 
output of sodium, for example <5 m. eq. per day during fasting (171). Dogs, 
rabbits, and rats rapidly respond to high NaCl intakes, for example of 3 gm. 
per kg. body weight per day by increased urinary excretion without change 
in body weight. This is not true for man in whom the renal excretion of salt 
increases only slowly in response to a salt load (149d). Thus, a salt load of 
0.5 gm. per kg. per day leads to weight gain and even edema, because of in- 
creased water intake and water retention (116, 117). However, in man a 
steady state in which Ji.n,=J7,na can be achieved over a range of intakes 
of perhaps 0.02 to 0.50 gm. NaCl per kg. per day, and over a greater range in 
laboratory animals; and therefore mechanisms must accurately regulate 
sodium excretion. A number of reviews of the renal control of body sodium 
have appeared (145, 149d, 164, 172, 173), of which the last is the most com- 
plete and critica!. Sodium excretion increases rapidly in the dog after paren- 
teral saline or increased dietary NaCl is given; more slowly, in man, after hy- 
pertonic saline or large isotonic saline infusions, and gradually after chronic 
salt loading or chronic water loading aided by pitressin injections. Expansion 
of the blood volume is without effect over short periods, or if brought about 
by 10 per cent dextran in isotonic glucose may lead to reduced sodium out- 
put (174). Sodium excretion is reduced rapidly in man and dog after external 
hemorrhage or the application of pressure cuffs to the limbs, after salt deple- 
tion, probably after water depletion, with raised renal venous pressure, re- 
duced renal blood flow (e.g., by renal artery constriction), and experimental 
heart lesions resulting in heart failure. The renal mechanisms involved and 
the mechanisms controlling them are not understood. Much evidence is as- 
sembled in (173) showing that sodium excretion largely parallels glomerular 
filtration rate, the control of which is at present little understood. A number 
of other workers like the idea that a salt-retaining hormone regulates salt 
excretion by acting on the distal tubule. Aldosterone, much reviewed recently 
(149e, 175 to 180) has been suggested as this hormone. We calculate from 
data in the paper of Loeb et al. (181) that adrenalectomy in dogs only results 
in the loss in the urine of <0.01 of the sodium in the glomerular filtrate, and 
the same is true with Addison’s disease (149d). Thus, complete absence of 
the adrenal hormones only allows a small sodium outflow. Aldosterone can 
restore sodium balance in adrenalectomized dogs (182), but continued over- 
dosage in the dog (182) and in healthy man (183) only causes some short- 
lived sodium and water retention, and in man the urinary sodium levels do 
not fall below 12 to 30 m.eq.per day. Aldosterone levels are too low (ca. 0.03 
ug. per cent) for measurement in the general venous blood so that blood 
levels cannot be compared with renal activity (184, 185). The methods of 
measurement of aldosterone are difficult and not very accurate (177) and 
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loads of +0.02 body weight, renal water excretion can range from about 
0.3 ml. to 12 ml. per min. (133). Urinary water excretion is assumed to be 
controlled largely by the rate of secretion of antidiuretic hormone (ADH) 
(145 to 147), though it may be noted that in dogs considerable increases in 
glomerular filtration rate and renal plasma flow can be caused by water ex- 
cesses. Current views of the ADH system (148 to 150) are that ‘‘neuro- 
secretory material’’, in some way associated with ADH, is secreted by cer- 
tain hypothalamic nuclei and passes down axons to the posterior pituitary 
(151, 152) where, in response to afferent stimuli, ADH is released and passes 
into the blood stream to which it is perhaps chiefly confined (153) and from 
which it is mainly removed by the liver and kidneys (153). Perhaps about 
0.1 of that secreted passes into the urine (154). Purified vasopressin in 
physiological doses causes the inhibition of a water diuresis (148, 155); and 
assay of ADH, perhaps not altogether specific (156), utilizes this property in 
test animals without functioning pituitaries. Though such assays may be 
satisfactory during high rates of secretion, particular difficulty is found in 
measuring ADH during low secretory rates (in diuresis) because blood levels 
are much too low to measure and urinary excretion is slight and variable 
(154). Increased diuresis in animals and men with functioning pituitaries, 
though often interpreted in terms of decrease of ADH secretion, provides un- 
certain evidence of such change. The following stimuli probably cause in- 
creased rates of secretion of ADH: reduced mole fraction of plasma water (as 
from increased NaCl content) probably acting on “‘osmoreceptors”’ in close 
association with the hypothalamic nuclei (157 to 159), pain and emotion 
(159), and hemorrhage in rats and dogs (160) but not in man unless fainting 
occurs (154, 160, 161). After hemorrhage the activity of stretch receptors in 
the left atrium is reduced; discharges from these receptors carried along the 
vagi may ordinarily inhibit ADH secretion (162). The rate of ADH secretion 
is thought to be reduced by excess water (149b) presumably by an increased 
mole fraction of water acting on, or failing to stimulate, the osmoreceptors; 
by negative pressure breathing (163, 164) thought to stimulate the left atrial 
stretch receptors by causing atrial distention (162); and by distention of a 
balloon in the left atrium (162). The latter is claimed to cause some reduction 
of ADH in the blood (165). In man, various ‘‘volume’”’ changes or redistribu- 
tions have been claimed to be associated with water diuresis, and so with 
reduced rate of ADH secretion (149c, 164). These include assuming the re- 
cumbent position, and the infusion of isotonic saline into suitably prepared 
recumbent subjects and into sitting subjects pretreated with salt. 
Sodium.—A 70 kg. man contains approximately 3700 m.eq. sodium of 
which ca. 1600 meq. are in bone (166), and most of the remainder is in the 
extracellular fluids. A variable fraction of the bone sodium can pass into 
solution in the extracellular fluids (167, 168). If sya is the quantity of extra- 
cellular sodium in solution, sNa=J1.nat+(Os.na—Ip.Na)—Jz.Na where 
Oz.Na is outflux and Ig.na is influx of bone sodium. Little is known of the bone 
sodium fluxes or of the daily variations in sya, but the latter ordinarily are 
probably not great. A crude drive to ingest salt exists in salt deficiency states 
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(114f, 124), and man will not drink strong salt solutions, but otherwise con- 
trol of snais primarily by J7,na. In tropical climates (169) and in certain in- 
herited abnormalities of the sweat glands (170) considerable quantities of 
sodium can be lost in the sweat, but ordinarily J7,n, in health is primarily 
through the kidneys. Man and laboratory animals respond to zero sodium in- 
take by a fall of perhaps 10 m.eq. in serum sodium, and a very low urinary 
output of sodium, for example <5 m. eq. per day during fasting (171). Dogs, 
rabbits, and rats rapidly respond to high NaCl intakes, for example of 3 gm. 
per kg. body weight per day by increased urinary excretion without change 
in body weight. This is not true for man in whom the renal excretion of salt 
increases only slowly in response to a salt load (149d). Thus, a salt load of 
0.5 gm. per kg. per day leads to weight gain and even edema, because of in- 
creased water intake and water retention (116, 117). However, in man a 
steady state in which Jin, =J7,na can be achieved over a range of intakes 
of perhaps 0.02 to 0.50 gm. NaCl per kg. per day, and over a greater range in 
laboratory animals; and therefore mechanisms must accurately regulate 
sodium excretion. A number of reviews of the renal control of body sodium 
have appeared (145, 149d, 164, 172, 173), of which the last is the most com- 
plete and critical. Sodium excretion increases rapidly in the dog after paren- 
teral saline or increased dietary NaCl is given; more slowly, in man, after hy- 
pertonic saline or large isotonic saline infusions, and gradually after chronic 
salt loading or chronic water loading aided by pitressin injections. Expansion 
of the blood volume is without effect over short periods, or if brought about 
by 10 per cent dextran in isotonic glucose may lead to reduced sodium out- 
put (174). Sodium excretion is reduced rapidly in man and dog after external 
hemorrhage or the application of pressure cuffs to the limbs, after salt deple- 
tion, probably after water depletion, with raised renal venous pressure, re- 
duced renal blood flow (e.g., by renal artery constriction), and experimental 
heart lesions resulting in heart failure. The renal mechanisms involved and 
the mechanisms controlling them are not understood. Much evidence is as- 
sembled in (173) showing that sodium excretion largely parallels glomerular 
filtration rate, the control of which is at present little understood. A number 
of other workers like the idea that a salt-retaining hormone regulates salt 
excretion by acting on the distal tubule. Aldosterone, much reviewed recently 
(149e, 175 to 180) has been suggested as this hormone. We calculate from 
data in the paper of Loeb et al. (181) that adrenalectomy in dogs only results 
in the loss in the urine of <0.01 of the sodium in the glomerular filtrate, and 
the same is true with Addison’s disease (149d). Thus, complete absence of 
the adrenal hormones only allows a small sodium outflow. Aldosterone can 
restore sodium balance in adrenalectomized dogs (182), but continued over- 
dosage in the dog (182) and in healthy man (183) only causes some short- 
lived sodium and water retention, and in man the urinary sodium levels do 
not fall below 12 to 30 m.eq.per day. Aldosterone levels are too low (ca. 0.03 
ug. per cent) for measurement in the general venous blood so that blood 
levels cannot be compared with renal activity (184, 185). The methods of 
measurement of aldosterone are difficult and not very accurate (177) and 
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have mainly been applied to measuring aldosterone in the adrenal venous 
blood or the urine. Since only about 0.05 of the total aldosterone believed 
formed is excreted in the urine (185) it is difficult to be sure of the interpreta- 
tion of urinary measurements, and we therefore cite only some of the possi- 
bly relevant urinary measurements (186 to 191). Increased aldosterone ap- 
pears in the adrenal venous blood of dogs or rats following reduced sodium 
intake or ACTH administration; reduced levels appear following potassium 
deficiency or right atrial distention (177, 178, 192). There is some evidence 
for central regulation of the rate of aldosterone secretion. It has been sug- 
gested that nervous centers exist in the diencephalon, activation of which 
(presumably by receptors) stimulates the zona glomerulosa of the adrenal to 
synthesize and liberate aldosterone (177). Saline extracts of beef dienceph- 
alon, particularly from the pineal region, lead to increased secretion of al- 
dosterone (but not of cortisol) in the adrenal venous blood (193). Some evi- 
dence in favor of central regulation of body sodium content is provided by 
disease of the central nervous system (149d, 194). 

Potassium and magnesium.—Knowledge of the control of the body 
content of both is meager. Body exchangeable potassium, thought to be close 
to total body potassium, is maintained in man at about 48 m.eq. per kg. 
(93, 195). Large potassium loads are rapidly excreted (196). Though potas- 
sium deficiency may result in a number of alterations in renal function, potas- 
sium is efficiently retained (197, 198). Potassium excretion is thought to be 
primarily by the renal tubules (199) but the control is not understood. 
Present knowledge of body magnesium has been reviewed (200). 


PARAMETERS AND CONTROL ELEMENTS IN THE 
REGULATION OF TOTAL ERYTHROCYTE 
VOLUME 


Mammalian red blood cells are produced by a unique, self-perpetuating 
reproduction system which has been much studied. Many terminologies have 
been used for naming the cells of the erythrocytic series; we shall employ the 
terminology recently agreed upon (201) and illustrated in a paper by Diggs 
et al. (202) and shown in Figure 2. As recently outlined (203), following the 
stem cell there are probably three generations of cells which divide mitoti- 
cally. Obviously there are ontogenetic precursors of the stem cell or pro- 
rubriblast (204). The metarubricyte matures, losing its nucleus, and becomes 
a reticulocyte (201). Some of these and large numbers of mature erythro- 
cytes circulate in the blood. Since mature erythrocytes are not thought to be 
part of the red marrow (205), it seems that the final maturation takes place 
in the blood. The distribution of survival times as indicated by various meth- 
ods (206, 207) defines red cell loss. 

Our formulation of the kinetics of red cell production, presented in Figure 
2, is described by the following set of equations, where N;=number of cells 
of the jth type, k; =the linear rate constant relating the rate of formation of 
Nj+1 from Nj, and ¢(7—7) is a gaussian probability function (206, 208) for 
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Fic. 2. Flow diagram of red blood cell production and survival. No, ontogenetic 
precursors. N:—N2, stem cell to differentiated daughter cell. N3—-N;—Ns, succes- 
sive duplication. N;s—Ne, maturation of single cells in bone marrow into reticulocytes 
with entry into the bloodstream Ns—Ne* and final maturation, Ns*—>N7. The re- 
moval rate for N; depends upon the survival of the erythrocyte ¢ (r—7) according 
to the formulation presented in the text. Terminology that of the American Society 
of Clinical Pathologists (201). 


erythrocyte survival times about the mean value 7. (According to standard 
notation dN;/dt=N;’.) 


(a) Ny’ = kiN, asad kiN, (e) N;’ = 2ksN 4 —_ kiN ss 
Ni(t) = Ni = constant, t>0 (f) No’ = ksNs — keNo 
(b) N2’ = kiNi -_ k2Ne (g) Ne = keNeo - ke*No* 9. 


=n — . 
“e _ ack is = (i) Ni = kee f _ betNeole — Far 
To achieve a uniform description the rate of formation of cells from the gen- 
erations that duplicate is defined as 2k;N;,i=1, 2, 3, 4. Thus &; for the stem 
cells and the first three generations represents the fraction of the cells of the 
ith generation duplicating in unit time. For reasons to be discussed, the stem 
cells are put in a state of “‘self-maintenance”’ by allowing 3(2k,N;) to be the 
efflux to rubriblasts and 3(2k:N;) to be the reflux of stem cells. The influx of 
N3; cells is 2k2No, whereas the efflux is merely k3N3, and this is true for the N, 
cells. Note, however, the rate constants, k;, ks, and ke* represent the fractional 
rate of cells in the respective compartments maturing without duplication. 
As noted, final maturation of reticulocytes is assumed to occur in the blood- 
stream; thus ks may be considered the “‘reticulocyte releasing’’ rate param- 
eter, subject to the influences reviewed in (209). 

In a steady state: N,’ =0, ke* Nc* =constant, />.o(7 —7)dr =1, and Ne*ke* 
= N,/7. Then 


(a) Ni = constant (e) Ns = 8a/ks 
(b) N2 = kiNike = a/ke, a= kiN, (f) Ne = 8a/ke 10 
(c) Ns; = 2keNo/ks > 2a/ks (g) Ne* = 8a/ke* ; 


(d) Na = 4ee/he (h) Nz = 8ar 








368 REEVE, ALLEN AND ROBERTS 


Parameters defining steady state values of red cell volume.—Consider an 
animal in fixed conditions with respect to oxygen transport, for example long 
residence at a specified elevation with adequate nutritional intake (210). 
Since N;=V,/y, where y is the mean erythrocyte volume, equation 10h can 
be rewritten in terms of total red cell volume: 


V, = 8yar = 8ykiNir 11. 


Thus, V, depends upon y, ki, Ni, and 7. During residence at elevations rang- 
ing from sea level to 15,000 ft., y ~~ 90 yu? (211 to 214); the cell hemoglobin con- 
tent, h—~ 32 pug. (213, 214). Regarding 7, values of 107 to 117 days, which 
were considered normal at sea level, were found at 14,000 ft. with C'-glycine 
(215). With a bile fistula and pigment flux method, dogs exposed to 20,000 ft. 
equivalent showed the same 7 as at sea level (216). When exposed for long 
periods to 15,000 ft. equivalent, rats increase the number of erythrocytes; 
these cells have approximately the same 7 as those in rats at 300 ft. as judged 
from the C"-glycine specific activity in hemoglobin (217). Thus, since in 
equation 11 the parameters and 7 remain virtually constant, we look to Mi 
and k; as governors of the system. Although JN, arises from the ontogenetic 
precursors No (Fig. 2), change in No is not the usual means of regulating V,, 
since an increase in No would result in the permanent increase of red cells be- 
cause of the perpetuating nature of the outflow from N;. This suggests that 
No is chiefly used to replenish lost stem cells. Hence, we assume JN, to be 
reasonably constant. This leaves variation in k; to determine V,in the steady 
state conditions of high elevations. To date, there appear to be no precise 
determinations of the total number of N; cells in the bone marrow, and hence 
estimates of k; cannot be made. However, the flux a=; N; is obtained from 
a= V,/8y7, in which all the parameters can be measured. 

Steady state conditions in the bone marrow.—From the above, steady state 
values of red cell volume are independent of the rate constants kz through ke. 
However, in changing from one steady state to another, the behavior of these 
rate constants determines how fast V, alters and defines the marrow popula- 
tion. First, note that the total number of cells, N,=Nit+No+t ---> +e, 
can be written 


Nm = Ni + a(1/he + 2/hs + 4/hs +.8/hs + 8/ho) 12. 


Moreover, the total number in the erythrocytic series, Nn— N:, is directly 
related toa and hence to N, and k;. From the average volume of bone marrow 
and numbers of each cell per cubic millimeter, it is reported that the ‘‘eryth- 
roid’’ number doubles in guinea pigs after five days at 11,000 ft. (218). Since 
marrow reticulocytes were also counted, information as to N,— Ni was thus 
obtained, but V, and 7 were not determined. Hence, the aggregate rate con- 
stants in the parentheses of equation 12 cannot be derived. Although diffi- 
cult, a similar approach in individual human beings has been attempted with 
Fe® tracer methods (205). Counts of the erythrocytic series in bone marrow 
can give some idea of changes in the &;’s in different steady states, provided 
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it is assumed, as in (219, 220), that the total number of cells of the granulo- 
cytic series in the marrow remains fixed. Then N;,;= Ngn;,;/mg,;, 7=2, 3, 4, 5 
and j=1, 2 where: 

N;,;=total number of erythrocytic cells of the ith generation and the jth 

steady state where j=1, 2; 

N,=total cells of granulocytic series in the entire bone marrow; 

n;,j=number of ith erythrocytic cells in the smear of jth steady state; 

Ng,j =number of granulocytic cells in smear of jth steady state. 
Estimates of the ratios k;,2/k;,1 can now be made when the corresponding 
a’s, namely a2 and ai, are known. Thus, from equations 10 and 11: 


- ot2/Nie — Vr2nia/Noar 


a a/Nia - V.10i.2/Ng.2 ’ 


13. 





Rin 

kia 

provided T1=72 and 71=%72. 
It seems that no single set of experiments has included all the parameters 

of equation 13, so we have combined the results from the Andean Institute of 
Biology. Many data are reported (214) from which the circulating red cell 
volume V, can be computed by correcting the observed hematocrits for the 
unequal distribution of cells in the bloodstream (222). The results then show 
that long residence of healthy men at ca. 15,000 ft., as compared with 300 ft., 
increased the production of erythrocytes, and V,,2/V,,1- 1.8, since yi 72 
and 7;=72. When this information is combined with that on the erythrocytic 
cells in the marrow at 15,000 ft. (221) and at sea level (223), equation 13 
gives the ratios of the rate constants at high elevations to those at sea level 
as shown in Table I. In computing these it was assumed (see above) Ni,2 
= Ni, then a2/a1=hk1,2/ki,1. To obtain ke,2*/ke1* we used the steady state 
condition ke*N,* = N;/7 combined with equation 11 and referred to the re- 
cently published reticulocyte counts (224). For lack of narrow reticulocyte 


TABLE I 


Ratios OF RATE CONSTANTS OF THE ERYTHROCYTIC SERIES AFTER ALTERATION 
BY RESIDENCE OF HUMANS AT HIGH ELEVATIONS TO THOSE AT SEA LEVEL 








ky,2/R1.1 1.8 kgo/Ran 0.4 
ho,2/ke1 1 .0 ks,2/Rs.1 0.3 
ks,2/R3,1 0.4 he.o* /Re.1* 0.8 





data at both elevations, kg,2/k¢,1 could not be calculated. Table I shows that 
although the 2; N; flux is 1.8 times greater than at sea level, at high elevations 
kis not apparently altered whereas k3, ky, and ks are much reduced. Reduc- 
tion in these rate constants implies a corresponding reduction in the rates of 
cell division or maturation. The observed marrow hyperplasia is thus not 
merely caused by increased flux from stem cells but also by the reduced rates 


4 Sections give more reliable counts than smears (250), but such data are not yet 
available. 
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at which their progeny divide or mature. If, however, each rate constant 
had increased by the same amount as fy, although red cell production would 
be equally increased, there would be no marrow hyperplasia. Hence, marrow 
hyperplasia alone is not a good index of the rate of production of erythro- 
cytes, as seems often implied. 

The control elements.—In 1950 new evidence was provided for the exist- 
ence of humoral factors affecting erythropoiesis (219), and much has been 
reported since on such factors (225) and the criteria used for their as- 
sessment. Suppose such factors evoke the response described above for 
humans residing for long periods at high elevations, that is an alteration in 
bone marrow kinetics resulting in a virtual increase in the total number of 
erythrocytes, normal in size, hemoglobin content, and survival time. To 
ascertain whether this response can indeed be evoked by ‘‘erythropoietins”’ 
requires detailed experiments in which the test animal is evaluated in a 
steady state in terms of y, h, 7, Ne* and V, of peripheral blood and the mar- 
row generations N, through Ng. A review of current reports leads us to be- 
lieve this chronic response has not been reproduced. Thus, eighteen daily 
injections into rats of protein-poor extracts of plasma from polycythemic men 
(226, 227) maintained greatly increased erythrocyte counts, but the blood 
hemoglobin concentration was little altered, and the cell population showed 
a microcytic fraction (227). Moreover, as judged by the rapid return of the 
erythrocyte count toward normal values, that is at seven days after stopping 
injections, the microcytic fraction apparently had a greatly shortened sur- 
vival time (227). This behavior in rats seems analogous to the acute response 
following hemorrhage (228, 229) or short exposure to altitude (217) in which 
survival times are indeed much reduced. This appears to be advantageous, 
since otherwise the rapid replenishment would he followed 7 days later by 
an abrupt loss of cells much like the original hemorrhage. 

Other than humoral factors can affect the rate of erythrocyte production. 
These include globin, porphyrin, and iron in sufficient quantities to build 
the normal erythrocyte. On the basis of the average daily breakdown of hu- 
man erythrocytes, the reutilization of globin is equivalent to 14 per cent of 
the daily protein consumption (230). Dogs with chronic anemia caused by 
repeated phlebotomy can synthesize more than adequate quantities of globin 
provided abundant food is available (231). When the bile was eliminated 
through a fistula, the dogs were still able to produce excess porphyrin (231). 
With high oral intakes of both protein and iron, the daily hemoglobin pro- 
duction, though high, was considerably less than that attained when iron 
was given intravenously (231). In starvation, when previously loaded with 
iron by repeated intravenous injections, a dog can produce much more hemo- 
globin than when not previously loaded (232). This is also true in human be- 
ings (232, 233), and thus both the intestinal absorption (210) and the avail- 
able stores of iron influence the rate of production of normal erythrocytes. Of 
the total body iron in humans at sea level, approximately 0.70 is in circulat- 
ing hemoglobin, whereas less than 0.20 occurs chiefly as ferritin, which is 





























BLOOD VOLUME REGULATION 371 


also available for synthesis of hemoglobin (230). These stores are inadequate 
to meet the demands at high elevations, and since acclimatization requires 
almost one year (224), iron could be one of the principal factors limiting the 
expansion of red cell volume. 

It has been proposed that the readily measured uptake of Fe is a ‘‘direct 
indication of the rate of erythropoiesis’ (234). The quantity of circulating 
hemoglobin is the product of the corpuscular hemoglobin h and the total 
number of red blood cells Nz. Dividing this by the survival time gives the 
daily synthesis and removal of hemoglobin in a steady state 8=hN;/7 and 
comparing two steady state values: 


Bz hnN 1.2/T2 


Bi Pa MNia/7i 

Equation 14 shows that interpretation of iron tracer studies requires study 
of the specific activity and the survival time of erythrocytes in each steady 
state, as originally appreciated (235). For example, in polycythemia vera the 
V,,2/V;,1 value was 1.5 to 3, whereas the “‘iron turnover” was found to be 
ten times the normal value, indicating reduction in 7 in polycythemia vera. 
Later this was shown to be caused by the presence of some erythrocytes 
which survive for only a few days and therefore exchange iron with great 
rapidity (236). Supposing that humoral factors are to be assayed in terms of 
increased hemoglobin production, then the available iron itself can limit the 
so-called erythropoiesis. Thus, Fe®® tracer studies are difficult to evaluate 
unless combined with measurements of all the factors elucidated above. 

Referring to equation 11 the most likely site of action of long-lasting or 
repetitively-acting regulatory factors is at the N; cell to cause k; to increase 
or decrease. Other factors influencing V, are the survival times and cell sizes. 
At present a full account of the effects of the erythropoietins is not available 
and therefore the assertion that V;, is controlled by means of such materials 
is acceptable only as a tentative hypothesis. 


14. 


INTERACTIONS BETWEEN RED CELL AND PLASMA VOLUME 


We should like to know the effects of acute and chronic changes of V; on 
V, and conversely,. but in spite of many observations, few well-controlled 
experiments have been reported. When red cells or whole blood are trans- 
fused, V, increases, and it seems that V, decreases and the recipient’s red cell 
production is depressed (237, 238). To obtain more quantitative information 
requires skilled cross-matching of blood or red cells, the use of fresh blood, 
and the avoidance of allergic and other reactions. These requirements are 
rarely fully met in animal experiments, which renders interpretation difficult 
(239). In man or animals exposed to high altitude such problems are avoided. 
When men were taken from sea level to 14,900 ft., for the first two months 
Vp remained constant at about 77 ml. per kg. but V; increased and V, dimin- 
ished. During the next six months both Vz and V, increased till V, reached 
about 96 ml. per kg. and V, (initially 38 ml. per kg.) about 55 ml. per kg. The 
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hematocrit rose from 50 to 59 per cent. When residents at 14,900 ft. were 
moved to sea level, at first V, remained constant while V, fell, that is Vp ex- 
panded, then both declined but V, more rapidly (240). Thus, with increase 
of V,, V, at first decreases and later readjusts to a larger volume. After 
hemorrhage (102, 104), the lost V; is first partially replaced by an increased 
V, and only later, when V, is restored, does V, decline to initial levels. A 
change in the viscosity of blood with change of red cell content (241) will 
alter resistance to blood flow and may thus affect AP and in turn affect Vp. 

We know of few observations on the effects of prolonged expansion or 
contraction of V, on V,. The latter is difficult to achieve. In one subject, 
D.R. (111), V; can be calculated from the values of V, and the hematocrit 
corrected by multiplying by 0.87 (222); insignificant changes in V, occurred 
with 16 days expansion of V, by albumin injections. Some of the more rapid 
interactions between V, and V, are in part explained by mechanisms de- 
scribed earlier. The more slowly developing are perhaps in part caused by 
changes in the blood vessels (240). 


INTEGRATION OF FACTORS CONTROLLING BLOOD VOLUME 


The primary materials subject to control are the plasma proteins, 
permeable solutes, water, and the erythrocytes; and the quantity of each is 
governed by controlling influx and efflux. If we also include the material of 
the vascular tree, the same is true for it, though rates of influx and efflux are 
slow. For a given substance, for example water or sodium, one or both fluxes 
might be controlled by biological ‘‘feedback’’ (242). This would seem appli- 
cable in some instances, such as the on-off mechanisms controlling drinking. 
Also such a mechanism has been suggested for the control of J7,» (243). 
Thus, assume that the rate of ADH secretion remains constant (plasma isos- 
molarity), that the liver removes a large fraction of the ADH from the blood 
perfusing it, and that liver blood flow is directly related to V,; then ADH 
concentration in the blood will vary inversely as V,, thus tending to counter- 
act changes in V, (243). Although understanding of the control mechanisms 
for the materials is still only in its early stages, the control mechanisms acting 
on a given material must be closely integrated. Thus, for water, note the 
similarity of the stimuli to which J;,, and Jz, respond, the overlapping of 
their central nervous representations and their strong co-operation to guard 
body water in the extremes of water deprivation and excess. Models have 
been proposed to describe such integration, for instance, a steady state model 
(244), and a system of linked servomechanisms (242). Finally, there must be 
close integration of the factors controlling primary materials and of the reac- 
tions of the heart and blood vessels. Thus, the tissue needs determine the 
vascular architecture and probably the rate of production of the humoral 
factors which control red cell production, the quantity and constitution of 
the blood reacts directly with the heart and blood vessels, and a low blood 
volume is associated with, perhaps by reduction of renal vascular volume, 
reduced J7,. and J7,na. Recently reflexes linking the tension in the left and 
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right atrial walls with J7,, and Jz,.na have been proposed. Nerve endings, 
some resembling the pressor receptors in the carotid sinus, and nerve plex- 
uses, have been described in the left and right atrial walls and at the base of 
the great veins (245). Stimulation by a balloon of the left atrial, but not the 
other receptor areas, caused an increase in diuresis (246). The evidence that 
this stimulus acts through the ADH system was noted earlier. With mod- 
erate changes in blood volume, the volume of blood in the atria and, there- 
fore, the tension in the atrial walls “reliably reflected the changes in V;” 
(247), and ‘‘the whole low pressure portion of the cardiovascular system was 
as though the blood were contained in a single functional unit.’’ Evidence for 
right atrial distention affecting aldosterone secretion has already been noted. 
Lastly, changes in blood volume may be associated with liberation of hor- 
mones having direct effects on the vascular wall. Thus rapid bleeding of one- 
third of the rabbit’s blood volume increases the constrictor activity of the 
blood and plasma by 10 to 100 times, a response that is much reduced by 
adrenalectomy (248). The injection of norepinephrine in doses sufficient to 
raise mean arterial pressure from 96 to 150 mm. Hg caused a 15 per cent de- 
crease in plasma volume, a 5 per cent increase in plasma protein concentra- 
tion, an 8 per cent increase in hematocrit, and no change in red cell volume 
(249). 
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THE ALIMENTARY TRACT! 


By C. ApRIAN M. HoGBEN 
Department of Physiology, The George Washington University, Washington, D. C. 


INTRODUCTION 


This review is circumscribed. The physiology of absorption and secretion 
is emphasized at the expense of many other facets of gastrointestinal physi- 
ology. Specifically, two areas are excluded from consideration: the central 
co-ordination of function and the chemistry of the digestive enzymes. In the 
first instance, the subject is being more competently reviewed by Dr. F. P. 
Brooks in this volume. In the second instance, if a pedagogic distinction is to 
be made between physiology and biochemistry, the technical aspects of 
enzymology are within the province of the biochemist. 

I have chosen to suggest that the title of the chapter be changed from The 
Digestive System to The Alimentary Tract. Contemporary gastrointestinal 
physiology is becoming increasingly preoccupied with assimilation rather 
than digestion in the narrow sense of the word. To equate the digestive sys- 
tem with gastrointestinal physiology carries an implication that our think- 
ing is not too far removed from that of the layman who ascribes all ills to 
indigestion. 

The actual number of papers selected for comment represents only a small 
fraction of those encountered in my library search which in itself was by no 
means exhaustive. Consequently a list of those 369 references which have not 
been cited has been deposited with the American Documentation Institute.? 
The references have been arranged alphabetically by author and include the 
titles of the papers. This list also includes the many references cited by the 
previous reviewer which were neither discussed in that review nor in this. 

LeBlond & Messier (1) have published a paper which falls outside the 
topics subsequently reviewed. It is a beautiful radioautrographic illustration 
of the renewal of the small intestinal epithelium. Tritium-labelled thymidine 
was used to demonstrate that the cells multiply in the crypts and migrate to 
the tips of the villi. 


SALIVARY SECRETION 


Readers of the previous review are aware of the high degree of sophistica- 
tion being applied to the study of salivary secretion. Burgen and his col- 
leagues (2) have carried out a further analysis of the transient appearance 
of Na™, K*®, and I'*! in canine parotid saliva. They reaffirm their position that 


1 The survey pertaining to this review was concluded in May, 1959. 

2 The references have been deposited as Document No. 6162 with ADI Auxillary 
Publications Project, Photoduplication Service, Library of Congress, Washington 
25, D.C. A copy may be secured by citing the document number and remitting 
$2.50 for photoprints or $1.75 for 35 mm. microfilm. Advance payment is required. 
Make checks payable to: Chief, Photoduplication Service, Library of Congress. 
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a primary process in the formation of saliva is the secretion of potassium. 
However, there is little reason to believe that the analysis of transients will 
prove any less disappointing when applied to the salivary glands than it has 
been in the study of renal function. The further confirmation of the higher 
parotid saliva concentrations of potassium at low rates of secretion (3) is 
compatible with the hypothesis that potassium becomes concentrated as the 
result of the distal reabsorption of saline along the duct. This is indeed sug- 
gested by the very appealing study of Brusilow & Cooke (4) who applied 
the concept of the ‘stop-flow’ technique to salivary secretion. They present 
convincing evidence for a distal reabsorption of sodium and chloride ions 
which is responsible for rendering the saliva hypotonic. Their submission of 
only two complete experiments was presumably an attempt to comply with 
the editorial policies of the American Journal of Physiology. It will probably 
be surprising if the movement of potassium into saliva is a simple passive 
phenomenon; nevertheless there is still no convincing evidence that this is 
the dominant process. Until we know more about the events occurring across 
the cells, we must accept Lundberg’s conclusion (5) that at least one of the 
primary processes leading to the formation of sublingual saliva is the active 
transport of chloride ions. 

Schneyer & Schneyer (6) present changes in relative tissue composition of 
Nat and K* that do not suggest any obvious interpretation but do emphasize 
major differences in electrolyte metabolism. Upon stimulation, the tissue 
ratio of Na to K increased in the submaxillary and sublingual glands while 
the ratio decreased in the parotid and pancreas of the rat. Equally enigmatic 
are the alterations in electrolyte balance in the sheep parotid shifting from 
basal to maximal secretion (7). There is an immediate loss of Nat and HCO;, 
a slower loss of K* and PQO,, and an accumulation of CI-. 

The secretion of I'* into saliva in a higher concentration than in plasma 
(8) is further evidence for the presence of an active transport system for 
anions. Ferguson, Naimark & Hildes (9) choose to conclude from a study of 
competition in the secretion of human parotid saliva that chloride ion does 
not share the same pathway for secretion with other anions. However, there 
are no clear premises for presuming that any anion can be obliged to testify 
against another. In the isolated stomach the transport system favors Cl~ 
over Br-, SCN-, and I~ in that order (10) while exchange diffusion in the 
isolated colon preferentially accepts I~ at the expense of Br~ and Cl (11). 
In the study of Ferguson et al. cited above, human volunteers received 50 to 
100 microcuries of I'**, There will be many circumstances that warrant the 
administration of such amounts, but these amounts are considerably in excess 
of that used in ordinary diagnosis. There has been no satisfactory formulation 
of the guidelines that sanction conduct of human experiments. In addition 
to the more obvious stipulations such as advising the prospective volunteer 
of the probable or even possible hazards, the investigator should be obliged 
to show why the information sought is unique for human behavior, not an 
aspect of the general body of biological knowledge. The decision to partici- 
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pate in an experimental study can involve subtle or even obvious moral 
pressures. The enthusiastic scientist can too easily rationalize a conduct 
designed to reach his goal. If no other safeguards are provided, it should be 
made sufficiently evident that the initiation of a human experiment will be 
no less costly in terms of convenience and time, if not bald financial expendi- 
ture, than a comparable study with experimental animals. 

The detection of a significant concentration of phosphoethanolamide in 
saliva (12) is of interest in the light of the Hokins’ attempts (13) to implicate 
phospholipids in a carrier mechanism responsible for the excretion of en- 
zymes. 

Emmelin & Stromblad have extended their study of the responses of 
denervated salivary glands to the feline parotid (14). Preganglionic denerva- 
tion had little effect. Postganglionic section led to a ‘‘paroxysmal”’ secretion 
for one to three days which is quite unlike the ‘‘paralytic” secretion which 
develops two to three weeks after preganglionic denervation of the sublin- 
gual and submaxillary glands. It is repetitive and its augmentation by eserine 
suggests that it results from quantal release of acetylcholine from the ter- 
minations of the degenerating fibers. The principal afferents responsible for 
the continuous secretion of parotid saliva by the sheep arise in the stomach 
(15). This continuous secretion makes it possible to demonstrate unequivo- 
cally that in this species sympathetic efferents do not stimulate the formation 
of juice even though they can elicit its expulsion (16). Intravenous epine- 
phrine on the other hand can stimulate the formation of saliva in the in- 
nervated gland by activating the afferent limb of reflex secretion. 


GASTRIC SECRETION 


Because of its general interest, various contributors continued to submit 
reviews on the mechanism of gastric formation of hydrochloric acid (17 to 
20). These may be of value to those who are not familiar with the recent 
contributions to this field. One of the challenging ideas that has prompted 
much fruitful work as well as controversy is Warren Rehm’s hypothesis that 
the gastric mucosal potential has a fundamental role in gastric secretion 
(19). Without discounting the value of this hypothesis as a stimulus to 
further experiment, the time has come to examine its relevance to the gastric 
mucosa. While the rate of H* secretion is modified by the transmucosal 
potential, H* secretion persists even when the potential is reversed. The 
carbonic anhydrase inhibitor, acetazoleamide, selectively depresses the gen- 
eration of the transmucosal potential even though it has only a negligible 
influence on H* secretion by the isolated gastric mucosa. More strikingly, 
Heinz & Durbin (21) were able to replace the Cl of the solutions which 
bathe the isolated mucosa by SOg-. This produced a marked diminution or 
abolition of the potential which results from the active transport of CI-. 
When stimulated by histamine, the isolated mucosa secreted H* at a rate 
approximating that which could be achieved in the presence of Cl-. Com- 
parative physiological studies also fail to establish a consistent association 
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between the generation of a gastric potential and the secretion of H*. Unlike 
gastric mucosae obtained from other vertebrates, the elasmobranch mucosa 
secretes H* without developing a significant gastric potential difference (22). 
Yet there is no reason to presume that the formation of hydrochloric acid can 
be intelligently analyzed outside the framework of electrophysiology. Rehm 
has advanced the even more controversial suggestion that H* and CI are 
secreted by different cells of the gastric epithelium. This is not easily recon- 
ciled with the failure of Canosa & Rehm (23, 24) to observe, by the use of 
microelectrodes, two populations of potential differences between the interior 
of the mucosal cells and their exterior. The small but consistent effects of 
changing the concentration of K* bathing the serosal surface of the isolated 
stomach (25) are interesting, but quite obscure at this time. Increasing the 
nutrient K* concentration diminishes the gastric potential while augmenting 
the rate of H* production. 

Several years ago we undertook an analysis of the Cl- exchange across 
the two faces of the gastric epithelium (26). Leaf (27) has subsequently pre- 
sented an account of the theoretical treatment used in this analysis. By 
extending the analysis to the gastric mucosa inhibited by dinitrophenol, it 
has been possible to reach the conclusion that the primary locus of the carrier 
responsible for the active transport of CI” into gastric juice is the epithelial 
membrane which borders the lumen of the stomach (28). 

The detailed report by Canosa & Rehm (29) of the dimensions of the 
canine gastric tubule will be of value in evaluating the effect of microscopic 
structure upon the exchange across the gastric mucosa. Historically, one of 
the more protracted debates about the formulation of gastric juice has been 
between the proponents of a dual secretion, as espoused by Hollander, and 
those who followed Teorell in emphasizing that back-diffusion of H* could 
account for the dependence of H* concentration upon rate of flow. Nordgren 
& Obrink (30) find that most of the effect of atropine on H* concentration 
can be attributed to dead space error but that there is also evidence to sug- 
gest that atropine changes the permeability of the mucosa to H*. I do not 
feel that these two opposing viewpoints necessarily are mutually exclusive. 
Kramer & Markarian (31) again raise the question whether the action of 
acetazoleamide on gastric secretion is caused by an inhibition of carbonic 
anhydrase. It is true that it is not known that all of the enzyme is inhibited 
when the action of the drug is manifest nor is it known that the drug inhibits 
no other enzymes. However, the failure of chlorothiazide to inhibit gastric 
secretion is what would be expected because chlorothiazide is an inconse- 
quential inhibitor of carbonic anhydrase. 

After Uvnis (32) reported that vagal stimulation of the stomach involved 
the release of a hormone (gastrin?) into the general circulation, most physi- 
ologists in this country accepted the conclusion of Janowitz & Hollander 
(33) that if such a mode of stimulation of gastric juice occurred, it was 
quantitatively insignificant. This conclusion was based on the failure of the 
Heidenhain pouch to respond to insulin hypoglycemia. At least part of the 
failure of the Heidenhain pouch is attributable to the inhibition of the antral 
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release of gastrin by the presence in the antrum of acid secreted from the 
main body of the stomach (34, 35). In a characteristically thorough study, 
Gregory & Tracy (36) have pointed up a synergistic interaction between 
parasympathomimetics and the antral hormone. Even when the antrum was 
bathed by gastric juice, definite secretion could be elicited from the com- 
pletely denervated pouch in response to the sight of food. If the animals were 
treated with subthreshold amounts of urecholine or carbachol, a much more 
copious secretion was promptly elicited on feeding. However, a response 
could only be obtained from a Heidenhain pouch when the animal had been 
sensitized with these agents. Further work will be required to disclose whether 
this parasympathomimetic potentiation occurs in the antrum or in the se- 
creting mucosa. While we are still unable to assess the quantitative signifi- 
cance of the release of gastrin(?) in the cephalic phase of secretion, it is 
proper to emphasize that the antrum is not necessary for elicitation of ce- 
phalic excitation. 

The inhibition of the secretion of acid by the presence of acid in the 
stomach has been confirmed in man (37). The balance of the evidence indi- 
cates that acid in contact with the antrum prevents the release or formation 
of gastrin (38). Unlike the inhibitory response to acid placed in the duodenum 
(39), antral inhibition is not dependent on intact vagal afferents (40). 
Dragstedt (41) has again pointed out that there is strong doubt that the so- 
called intestinal phase of gastric secretion is especially important under 
normal circumstances. 

Two papers (42, 43) cited in the last review demonstrated that either 
portal venous constriction or portocaval transposition greatly increases the 
spontaneous secretion from the denervated gastric pouch. Normally the liver 
inactivates one or more agents that are capable of stimulating gastric secre- 
tion. Gregory (42) was compelled to emphasize evidence from his experi- 
ments that suggested the release of the stimulant from the antrum. He did 
note that hypersecretion was obtained in one dog whose antrum had been 
removed. Clarke (44) in a surgical tour de force removed the antrum and 
diverted around the liver the blood coming from the inferior mesenteric 
vein. These and other maneuvers indicate that the humoral agent(s) nor- 
mally inactivated by the liver comes in large part from the lower gastro- 
intestinal tract. Interesting as these experiments are, there is still no evi- 
dence that the unidentified agent(s) participates in the normal regulation of 
gastric secretion. A similar conclusion was drawn in a study (45) which 
actually only confirmed the earlier work, showing that portocaval transposi- 
tion can increase secretion fivefold. 

Statements continue to appear, all too frequently claiming that the 
adrenal corticoids significantly stimulate gastric secretion, in spite of careful 
studies such as that of Dreiling, Janowitz & Rolbin (46) which fail to con- 
firm this presumption. The unwary physiologist must be on his guard against 
the clinician who claims that either the blood protease level or the urinary 
pepsinogen excretion is a quantitative measure of gastric secretion. Bremer 
(47) has reported that large intravenous infusions which expand the extra- 
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cellular fluid volume stimulate gastric secretion, presumably via the vagus. 
Schneider (48) has presented clear evidence that intraduodenal installation 
of oleic acid specifically inhibits gastric secretion independently of the effect 
of distending the duodenum. 

Marks and his associates (49) find that the maximal histamine response 
and parietal cell mass of the anesthetized dog are quantitatively similar to 
those of the human in spite of the difference of body weight. They also find 
that the maximal response per billion parietal cells is almost twice as large in 
the unanesthetized dog. It might also be noted that Gregory (43) found the 
maximal histamine response almost doubled after portal venous constriction, 
a circumstance that would not obviously increase the parietal cell mass. At 
least for laboratory research, the presumption that the maximal histamine 
response is a measure of the anatomical parietal cell mass is destined to share 
the same limbo with Tm as a measure of renal tubular mass. 

Because it is possible, though certainly not established, that the secretion 
of blood group substances might normally inhibit gastric secretion, attention 
is called to the histological localization of these substances (50). The fluores- 
cent antibody technique discloses that the reactive material is localized in 
the surface epithelial and parietal cells of the body of the stomach but is 
more generally distributed in the surface and glandular cells of the pylorus 
and duodenal mucosa. 

Updike, Code & Hallenbeck (51) present further evidence that there is a 
close temporal parallel between the urinary excretion of free histamine and 
gastric secretion following a meat meal. Further work failed to confirm the 
implication of this association. Irvine & Code (52) found a substantial ex- 
cretion of histamine after feeding the meat meal to totally gastrectomized 
dogs. Installation of the meat directly into the jejunum also led to a signifi- 
cant excretion of histamine without, in this instance, a comparable stimula- 
tion of secretion. Introduction of the meat into the stomach which was 
divided from the intestine stimulated flow from the Heidenhain pouch with- 
out a significant increase of urinary histamine. These latter observations 
suggest that it is the absorption of histamine or a precursor that accounts for 
increased excretion of histamine. It must be kept in mind that the urinary 
excretion of the free base accounts for only a small fraction of the normal 
disposition of histamine (53). Until we know more about the circumstances 
governing the exchange of histamine between plasma and gastric juice, no 
intelligent appraisal can be made of the secretion of histamine into acid 
gastric juice. If histamine has a role, obligatory or otherwise, in the normal 
regulation of gastric secretion, it is at the moment an enigma wrapped in a 
mystery. In contrast to the dog (54), the rat glandular stomach can convert 
histamine to imidazole-4-acetic acid (55). 


INTESTINAL ABSORPTION 


An impression obtains that many physiologists and gastroenterologists 
have only a fragmentary picture of intestinal absorption, a knowledge of 
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isolated observations without the necessary comprehensive framework of the 
factors controlling absorption. As an illustration of this, there is a widespread 
belief that water-soluble compounds are “naturally” absorbed rapidly. 
Recently three papers appeared (56 to 58) which, together with earlier pa- 
pers (59 to 61), constitute a systematic study of the nature of the gastro- 
intestinal epithelium as a barrier to absorption. The absorption of many 
foreign compounds having very diverse physical and chemical properties in- 
dicates that the epithelial cells of the alimentary tract functionally are no dif- 
ferent from other cells. When the lipid-soluble compound is in true solution, 
its un-ionized moiety is absorbed through the epithelium by simple passive 
diffusion. Water-soluble and lipid-insoluble solutes with a molecular weight 
somewhat larger than 100 are poorly absorbed if at all. While no single 
organic solvent is known to mirror the lipoid character of the epithelium, 
the relative permeability to different solutes is similar for the stomach, small 
intestine, and colon when allowance is made for differences of ambient pH. 
Smyth & Taylor (62) have reported that there is an apparent active trans- 
port of fatty acids across the isolated intestinal mucosa. Before it is assumed 
that this represents anything more profound, it will be necessary to exclude 
the possibility that the observed concentration differences arise from the pH 
gradient generated as a consequence of ion transport (57). 

The absorption of lipid-soluble solutes from true solution is extraordinar- 
ily rapid, so rapid in many instances that it is doubtful that the permeability 
of the mucosa is a rate-limiting step in absorption. Proceeding from the as- 
sumption that rapid absorption is not limited by the gastrointestinal epithe- 
lium, two other possibilities have to be considered: mucosal blood flow and 
diffusion of the solute within the lumen before it reaches the epithelium. If 
we undertake to express absorption as a clearance and concurrently relate 
this to minimal estimates of gastric mucosal blood flow, it is clear that the 
latter does not limit absorption from the stomach (60). Less obvious argu- 
ments also suggest that when normal motility is suppressed, the much more 
rapid absorption from the small intestine is not limited by blood flow (61). 
By exclusion, we conclude that when normal motility is held in abeyance, 
diffusion of a solute within the lumen can become the limiting step. If this 
conclusion is admissible, we must consider that motility has an influence on 
absorption, in addition to the more obvious regulation of rate of transit and 
rate at which material is brought into contact with a greater surface area. 
The finding of Chetvertak, Lyubovskaya & Semen (63) that caffeine ac- 
celerates and bromide depresses absorption of glucose from a Thiry loop may 
well be a manifestation of the effect of motility upon absorption. 

An encouraging development in the study of absorption is the more fre- 
quent use of an unreabsorbed solute as a measure of dilution and transit. 
In many instances, any one of the phenolsulfonthalein dyes, which are easily 
determined, will serve well. Materials are encountered which interfere with 
the more exacting technique required for the determination of polyethylene 
glycols (64). Pearson (65) has introduced succinylsulfathiazole as a very 
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satisfactory indicator for the dog, in preference to phenolsulfonthalein. 

In a paper which was only available to the reviewer in abstract form, 
Brandt & Thacker (66) proposed mathematical models for the description of 
movement through the alimentary tract. 

When water-soluble molecules are effectively absorbed by the small 
intestine, specialized mechanisms must be sought to account for their cir- 
cumventing the semipermeability of the epithelium. Two independent 
mechanisms resulting in active transport from a lower to a higher activity 
have been recognized for some time: one for monosaccharides and one for 
amino acids. To these must be added a third that actively transports pyri- 
midines and possibly purines. Schanker & Tocco (67) find that the rat small 
intestine in vitro actively transports uracil and thymine, even though Wilson 
& Wilson (68) failed to observe an active transport of uracil across the everted 
hamster intestine. Perhaps this negative observation was the consequence of 
using excessively high concentrations in the face of the abnormal permea- 
bility of the isolated intestine. The in vitro intestine is certainly not unphysio- 
logical,’ but it does differ from the intestine in situ in at least one respect; 
it becomes abnormally permeable to passive diffusion of water-soluble solutes 
(69). A fourth specialized mechanism is recognized to account for the ab- 
sorption of Bis, but it is not known whether Bye is transported against an 
adverse activity gradient. The mechanisms responsible for the absorption of 
many other water-soluble compounds such as ascorbic acid, 5-hydroxy- 
tryptamine, and the other B vitamins await clarification. 

Most of the attention given to the study of the intestinal transport of 
monosaccharides continues to focus on in vitro techniques. Wilson & Crane 
(70) have extended the analysis of the specificity of monosaccharide absorp- 
tion to the point where 28 sugars and related compounds have been examined. 
Among several features, the retention of a hydroxyl group at carbon 2 isa 
prerequisite for transport. When 1,5-anhydro-p-glucitol is actively trans- 
ported in the presence of O'8, no significant incorporation of O'* occurs; and 
while some dilution of O'* occurs in the active transport of glucose-2-O'8, 
this result is compatible with dilution by endogenous glucose (71). These 


3 The American Dictionary, Webster’s New International Dictionary of the Eng- 
lish Language, 2nd Ed., Unabridged, 1956, Springfield, Mass., acknowledges two 
principal definitions of the adjective physiological: 1. of or pertaining to physiology; 
2. characteristic of or appropriate to an organism's healthy or normal functioning— 
contrasted with pathological. The English Dictionary, Oxford Unabridged, defines the 
adjective as: pertaining or relating to physiology; relating to the function and prop- 
erties of living bodies. If one uses the adjective in the second sense, one common in 
both countries, to mean normal, one cannot use it to qualify the noun experiment. An 
experiment requires that the normal environment be disturbed. Used in the deriva- 
tive sense to qualify experiment, physiological becomes meaningless. I recall the too 
frequent condemnation of experiments employing anesthesia as unphysiological. 
They may have been bad or good experiments but they are not necessarily unphysio- 
logical. 











THE ALIMENTARY TRACT uf 389 


observations do not, however, exclude the possibility of a phosphorylation- 
dephosphorylation reaction at the second carbon. Landau & Wilson (72) 
have attempted to evaluate the extent of phosphorylation of glucose employ- 
ing C-labelled compounds. On the basis of indirect calculation, they arrive 
at the conclusion that only a small fraction of the transported glucose passes 
through a glucose-6-phosphate pool. The burden of proof certainly rests on 
the shoulders of those who wish to implicate phosphorylation as the primary 
step in active monosaccharide reabsorption. The action of phlorizin on in 
vitro absorption of sugar has been studied as a function of phlorizin concen- 
tration by Parsons, Smyth & Taylor (73). At a low concentration, 10-> M, 
phlorizin interferes with the entry of glucose across the mucosal face of the 
epithelium and at a higher concentration, 10~* M, interferes with oxidative 
metabolism of glucose. The findings of Parsons e¢ al. are in accord with other 
studies (74, 75) which suggest that in low concentration, phlorizin blocks the 
active sites in the membrane which combine with glucose. 

It has been tacitly assumed that sugars, such as xylose, and the D-amino 
acids, which are absorbed slowly, cross the intestinal epithc.ium by simple 
passive diffusion, in spite of a priori considerations. The circumstances that 
govern the absorption of those sugars that are slowly absorbed still have to be 
scrutinized carefully. It is now apparent that the D-amino acids do combine 
with the carrier responsible for the active transport of the L-isomers. We 
find that L-histidine inhibits the absorption of D-methionine and L-methion- 
ine inhibits the absorption of D-histidine from the rat intestine in situ (76). 
The inhibition of D-methionine absorption by L-histidine has been confirmed 
in the chicken with a Thiry-Vella loop (77). In this latter study, there was 
no evidence of racemization of D-methionine either within the loop contents 
or in the portal effluent. It has been reported that D-, L-, and racemic me- 
thionine are absorbed at the same rates from the upper small intestine of the 
rat in situ and that absorption is inhibited by prior administration of the 
pyridoxine antagonist deoxypyridoxine (78). Since a failure to observe a 
difference between the rate of absorption of D- and L-methionine is so much 
at variance with the finding of others, confirmation will be required before 
we conclude that the upper and lower intestine differ so substantially in their 
handling of methionine. While the possibility that dipeptides may enter the 
mucosal cell intact cannot be excluded with certainty, dipeptides are split 
by the time epithelial translocation is complete (79). 

When the gastrointestinal epithelium is pictured as a membrane im- 
permeable to water-soluble solutes, the proposition frequently arouses ob- 
jections based on the common knowledge that immunologically detectable 
traces of proteins are absorbed. Passage across cell membranes must be con- 
sidered in statistical terms of likelihood and unlikelihood. Given a sufficiently 
sensitive method, any substance can be shown to cross a boundary. Never- 
theless, the absorption of intact proteins by the gestating or newly born 
mammal may constitute a unique phenomenon. This absorption of protein 
differs quantitatively from the insignificant absorption in the adult animal. 
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While this occurrence may be of more obvious interest to immunologists and 
others, its impact on gastrointestinal physiology cannot be disregarded, 
After administering serum proteins iodinated with I'* to suckling rats, 
Bangham & Terry (80) found that 0.2 per cent of albumin and 7.5 per cent 
of globulin were absorbed within 3 hr. A later study of the newborn calf dis- 
closed no such discrimination in the absorption of albumin and globulin of 
either serum or colostral proteins, both being absorbed to the extent of 8 to 
16 per cent within 3 hr. (81). There was no further absorption in either ani- 
mal, even when observed, for 20 hr. after feeding. If these provisional and 
perhaps somewhat generous estimates are correct, protein absorption would 
appear to proceed to the extent of 1 to 3 per cent per hr. in the newborn. This 
value is of interest for two reasons. First, it would indicate that this absorp- 
tion of protein is essentially a unidirectional process and does not occur by 
simple diffusion. Otherwise, the loss of plasma proteins would be excessive. 
This is also suggested but not proven by the selective absorption of globulin 
by the newborn rat. Second, it is of interest to consider this rate in the light 
of the suggestion advanced by Clark (82) and others that it takes place by 
pinocytosis. Many consider that pinocytosis cannot provide a satisfactory 
explanation for active transport and that even its mere mention in this con- 
text is tantamount to sophistry. In the sense of its original use it is hard to 
visualize that the cell can, by ‘“‘drinking’’ its surroundings, achieve the high 
specificity typical of active transport. Further, I would expect that a process 
of transfer in bulk by pinocytosis must necessarily be a slow one. If pino- 
cytosis is to be more than an elusive conjecture, some consideration must be 
given to the rates of transfer that might be attained. It may be that this rate 
of protein absorption is the limit achieved by pinocytosis. When insulin, to- 
gether with Kunitz and Northrop’s trypsin inhibitor, is introduced into loops 
of the adult rat jejunum, sufficient insulin is absorbed to cause hypoglycemia 
(83). From the limited data, it would seem that the rate of absorption ap- 
proaches 1 to 2 per cent per hr. By itself, this last study does not warrant the 
authors’ conclusion “that trypsin is of physiological significance in facilitat- 
ing the intestinal absorption of proteins” unless they join the reviewer in re- 
stricting the use of the adjective physiological to that which is destined to 
advance the study of function.’ 

Vitamin B,2 will be absorbed even in the absence of the intrinsic factor 
if a sufficiently large dose is administered (84). This is compatible with the 
existence of two possible routes for absorption, either by passive diffusion 
or by the specific mechanism requiring intrinsic factor as a cofactor. As in 
other instances of absorption of water-soluble moieties by simple diffusion, 
absorption by the second route is incomplete. If enough is given orally, ab- 
sorption of a therapeutically effective dose can be achieved, but the amount 
absorbed will be highly unpredictable even in the same individual. It is this 
unpredictability that prohibits oral administration of water-soluble drugs 
with a limited margin of safety. The isolated rat intestine binds Bi: in the 
presence of intrinsic factor and calcium (85 to 87). Similarly, intrinsic factor 
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favors binding of Bi: to rat liver slices (88 to 90) but not to other tissues (91). 
However, investigators have not succeeded in demonstrating absorption of 
Bie in vitro, in the sense of complete epithelial translocation. Consequently, 
the extent to which selective binding of Biz to the mucosa may be a mani- 
festation of a step in absorption must remain an open question. Binding may 
occur at the surface of the cell or within the cell. If the latter is the case, it 
will be necessary to show that intrinsic factor actually facilitates entry of 
Bi2 into the epithelial cell rather than just its binding once inside the cell. 
Vitamin Bie is absorbed throughout the length of the small intestine, with 
greatest absorption occurring in the midportion (86, 92 to 94). There is no 
significant absorption from the stomach or colon. Vitamin By is not ab- 
sorbed from the human colon (95). Further investigation has failed to sup- 
port the unlikely claim that D-sorbital promotes absorption of Bie (96, 97). 
In spite of further purification, preparations of hog intrinsic factor are still 
physically and chemically heterogeneous (98). 


Fat ABSORPTION 


If the investigator must inquire why certain water-soluble molecules are 
readily absorbed, he must necessarily inquire why lipid-soluble molecules are 
not always absorbed. There is no available evidence to suggest that the gas- 
trointestinal epithelium presents a barrier to the absorption of molecularly 
dispersed lipids. If lipids are not absorbed, we should look elsewhere. Even 
when lipids are homogenized as stable aggregates, their finite solubility in 
water may be so vanishingly small or the rate of phase transition so slow that 
rapid absorption is precluded. In the case of natural lipids, we must take 
cognizance of another factor. Many of the lipids, for instance cholesterol, are 
present in body fluids in aggregate form suggesting that the body fluids may 
be saturated. Under this circumstance, absorption by passive diffusion would 
only take place when a “‘sink’”’ is created on the further side of the epithelium. 
The formation of chylomicrons in the lacteals could well lead to the gradient 
necessary for diffusion. 

In the early forties, Frazer instituted a revolution when he proposed that 
fat absorption occurred not as a movement of its split products, but by the 
movement of particles of undigested fat as large as 0.5 uw (99). Counter- 
revolutionists, who have been somewhat reluctant to identify themselves as 
such, have largely undercut the foundations of the revolution by employing 
such devious techniques as radioisotope exchange and Bollman’s cannulation 
of lymphatics. Palay & Karlin (100, 101) have mobilized a series of elegant 
electron micrographs of the intestinal epithelium. With little reservation, 
they join Frazer in proposing that fat absorption takes place by the move- 
ment of large aggregates across finite distances. They go even one better and 
suggest that the process begins by pinocytosis. It may well turn out that 
attempts to clarify the physicochemistry of the solutions bathing each side 
of the epithelial cell and attaining a knowledge of its permeability will fail to 
explain fat absorption. Until investigators succeed in defining and standard- 
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izing the physicochemical status of fat on either side of the membrane, we 
need not feel compelled to embrace a vitaiistic concept of fat absorption. I 
return to a reservation that I expressed earlier. I am reluctant to accept the 
proposition that particles of colloidal dimensions or larger will move by 
random dispersion at a rate sufficiently great to insure rapid and complete 
absorption. 

If others have approached Frazer’s hypothesis with some timidity, 
Tidwell (102) deserves credit for a frontal assault. He finds that unesterified 
fatty acid is absorbed at least as rapidly as its triglyceride, if not more rapidly. 
The absorption of fat is correlated much better with the degree of hydrolysis 
of the intestinal contents than with the state of emulsification. Earlier (103), 
attention was drawn to what should be obvious. When artificial meals are 
administered by stomach tube, there will be variable and delayed gastric 
retention. The number of studies complicated by variable gastric emptying 
that are appearing in experimental and clinical journals is distressing. The 
physiologist not only attempts to describe normal function, but he also at- 
tempts to understand the way in which an organism adapts to its environ- 
ment. But above all, he is an experimental scientist having a clear mandate 
to control all important recognizable variables in order to elucidate the 
phenomenon that concerns him. The previous reviewer emphasized that 
consumption of wholly abstract meals is not best calculated to lead to a bet- 
ter understanding of ordinary human behavior. Here, I wish to emphasize 
that administration of fats in ‘‘normal’’ proportions to the rat by stomach 
tube is not physiological.* Our greatest need is to know how fat moves out of 
a solution when the physicochemistry of the solution is clearly characterized 
and controlled. From the same laboratory, Johnston (104 to 106) has re- 
ported the absorption of fatty acids by isolated everted sacs of the hamster 
small intestine. With the solution bathing the mucosa having a volume of 
4 ml. and the serosal solution a volume of 3 ml., as much as 5 per cent of the 
radioactivity can be transported. During absorption, the palmitic acid be- 
comes partially esterified in the mucosal solution, the intestinal wall, and 
serosal solution, with the fraction esterified in each compartment increasing 
in that order. His technique differs in one respect from the conventional. 
Incubation at 37°C. is continued for 2} hr. The general experience has been 
that desquamation of the epithelium is extensive after 1 hr. Nevertheless, as 
anaerobic incubation reduces the transfer some twenty-fold, it is unlikely 
that the absorption is a trivial consequence of desquamation. The rate of 
absorption is more or less linear for 2 hr. An interesting feature is the pro- 
gressive decrease of the amount transported across sacs taken in sequence 
from the upper jejunum to the ileocecal junction (105). This pattern is con- 
sistent with the theory of weak electrolyte absorption (57), and the progres- 
sively greater secretion of HCO; by hamster sacs as the origin of the sac 
approaches the ileocecal junction (107). 

If the assumption is abandoned that ‘‘chylomicrons’” move across the 
intestinal epithelium intact, greater attention will be paid to the role in fat 
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absorption of the genesis of chylomicrons within the lacteals. Bragdon (108) 
finds that isotopically labelled amino acids are rapidly incorporated into 
thoracic duct chylomicrons in contrast to their slow incorporation into cir- 
culating chylomicrons. 

Turner (109, 110) has presented a detailed account of his investigation of 
fat absorption in man and animals based on the appearance of fat labelled 
with ['*! in systemic blood. In the course of his review, he attempts to local- 
ize the site of greatest tissue concentration of residual I"*!-triolein activity 
after absorption of a I"!-triolein meal. Regrettably, tissue localization is only 
a measure of tissue localization and need not have any obvious relation to 
absorption. If we understand absorption of a solute to be its complete epithe- 
lial translocation, an exact measure of absorption would require simultane- 
ous determination of the rates of disappearance from the intestinal lumen and 
of appearance in the intestinal extracellular fluid. In practice, one or the 
other rate is determined. From a technical standpoint, the disappearance 
rate is a better measure of rapid absorption, and the appearance rate of slow 
absorption. It is easier to eliminate possible sources of error encountered in 
determining the disappearance rate, i.e., the destruction within the lumen or 
the accumulation in the epithelium. Unless whole carcass analysis is under- 
taken or the lymph and venous effluents collected, the appearance rate can 
only be approximated by analysis of the appearance in systemic blood. In 
the latter case, one is confronted by a formidable example of multicompart- 
mental analysis and an almost insurmountable task of defining and control- 
ling the exchanges. In this context, attention might be directed to the thor- 
ough review of fat transport prepared by Fredrickson & Gordon (111). No 
matter how attractive or rational a clinical test may appear, its worth has to 
be validated in the clinic. Grossman & Jordan (112) do not find the plasma 
appearance curve of I'*!-triolein to be a dependable measure of triolein ab- 
sorption which can be determined by measuring fecal radioactivity. The dis- 
position of triolein saturated with iodide is not the same as that of C'4- 
labelled triolein (113). 

Treadwell and colleagues (114) propose in a review of cholesterol absorp- 
tion that cholesterol is initially absorbed as such and is then esterified in the 
mucosal cell. Vahouny & Treadwell (115 to 117) determined the optimal 
amounts of oleic acid and taurocholate that favor recovery of cholesterol 
from thoracic duct lymph when various mixtures are administered to the rat 
by stomach tube. The optimal molar ratios of oleic acid, taurocholate, and 
cholesterol are 8:4:1. The increased appearance of cholesterol in lymph oc- 
curs largely in the form of cholesterol ester irrespective of the nature of the 
mixture given by a stomach tube. The observation of these authors (118) 
that cholesterol and cholesterol butyrate are absorbed more readily than 
cholesterol laurate, stearate, oleate, or linoleate, as well as their failure to 
detect an absorption of cholesterol trimethylactate, is consistent with, but 
not necessarily proof of their contention that cholesterol esters are split be- 
fore absorption. When bile was diverted by a biliary fistula, there was only a 
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modest increase in lymphatic recovery of cholesterol when cholesterol was 
administered with optimal amounts of taurocholate and oleic acid (117). 
Similarly, Ivy, Suzuki & Prasad (119) were unable to restore normal chol- 
esterol absorption when as much as 5 ml. of rat bile was incorporated in the 
mixture fed to rats with a bile fistula. Though the proportion varied con- 
siderably depending on the mixture given to a rat, more cholesterol appeared 
in the subnatant fraction of thoracic lymph than in the chylomicron fraction 
(120). Like cholesterol, dihydrocholesterol is absorbed appreciably but in- 
completely (121). 6-Sitosterol was also thought to be absorbed appreciably 
(122), but it is now recognized that the apparent absorption is an artifact 
caused by conversion to non-digitonin precipitable material (122a). Both 
sterols increase fecal excretion of cholesterol and appear to compete with 
cholesterol for a common pathway of absorption. 

The specific activity of thoracic lymph cholesterol recovered 6 hr. after 
administration of 40 mg. of C'*-labelled cholesterol is substantially less than 
that of the cholesterol given (123, 124). There is only a modest dilution of 
activity within the intestinal lumen. The intestinal wall contains a pool of 
approximately 15 mg. of largely unesterified* cholesterol which accounts for 
most of the dilution of specific activity. Glover & Green (125) had previously 
suggested that absorbed cholesterol is diluted by mixing with intracellular 
cholesterol which is bound to intracellular protein. Swell and associates (126) 
have followed the disposition of small, 3 mg. amounts of C"*-labelled cho- 
lesterol administered by stomach tube to rats. Even when the mixture in- 
cluded oleic acid, no C was detected in lymph 6 hr. later and precious little 
was found in the intestinal wall. The addition of 280 mg. of taurocholate led 
to appearance of Cin the lymph, and as much as 25 per cent of the admin- 
istered dose was found in the intestinal wall. These results suggest that in 
vivo bile salts can promote the entry of cholesterol into the mucosal cell 
though not necessarily in combination with the bile salts and irrespective of 
whether bile salts may or may not catalyze intracellular cholesterol esterase 
activity (127). 

In 1952, it was reported that 90 per cent of absorbed isotopic cholesterol 
was carried away from the intestine by its lymphatics (128). Preoccupation 
with Frazer’s hypothesis accounts for the emphasis since placed on the ex- 
tent of transfer into lymph. Yet, a legitimate question may be raised. Even 
if all of the net absorption of cholesterol moves through lymphatics, why is 
there so little isotopic exchange between lymph and plasma? We must re- 
member that intestinal blood flow is at least 100 times greater than lym- 
phatic flow. It is conceivable, though not necessarily probable, that there is 
negligible isotopic exchange between intestinal plasma and intestinal lymph 
cholesterol. An alternative explanation may be that the formation of cho- 
lesterol aggregates within the lacteals draws cholesterol from both plasma and 
the mucosal cell. I find it difficult to account for the exclusive transfer of 


4 The author is in complete agreement with Fredrickson & Gordon (111) in stress- 
ing that “‘unesterified”’ is not synonymous with “free’’ lipid. 
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isotopically labelled cholesterol by the lymphatics on another basis. This is 
my principal argument. From this, I would like to allude to two other infer- 
ences. The increase in lymph cholesterol that follows delivery into the gas- 
trointestinal tract of an additive can not be necessarily accepted as a measure 
of increased absorption. The increase could follow an increased transfer from 
plasma to lymph. The recovery in thoracic lymph of 100 per cent of an iso- 
topically labelled lipid which is normally present in the body is quite con- 
sistent with 0 per cent net absorption of that lipid. 

The recent studies of Smith & Treadwell (129, 130) on the uptake of 
cholesterol by the isolated rat intestinal mucosa may open up an effective 
attack on the first phase of cholesterol absorption, entry of cholesterol into 
the mucosal cell. The uptake is almost as good from the solution bathing the 
serosa as from the solution bathing the mucosal surface. As in the case of 
Biz discussed previously, it has not yet been possible to duplicate in vitro 
actual absorption. In their first paper, the authors allude to the accumula- 
tion of cholesterol ‘‘against a concentration gradient which is one of the 
criteria of active transport.’’ This is only so if one is willing to make the 
dangerous assumption that the concentration gradient approximates the 
activity gradient. Smith & Treadwell subsequently suggest that the accumu- 
lation is the result of binding to cellular protein. The transfer could thus 
occur by passive diffusion. As expected, the accumulation proceeds in the 
absence of either glucose or oxygen and persists throughout 5 hr. of incuba- 
tion. In contrast to in vivo absorption, the addition of oleic acid or tauro- 
cholate to the incubation medium inhibits the uptake of cholesterol. Their 
finding an adventitious inhibitor in commercial taurocholate accounts in 
part for the response to this additive. The butyrate, stearate, and oleate 
esters of cholesterol are also taken up by the isolated mucosa. When un- 
esterified cholesterol is accumulated, it remains largely unesterified. Some- 
what surprisingly, adsorbed ester also remains largely esterified. It still has 
to be determined to what extent each of three steps may determine the rate 
of accumulation: phase transition within the bathing medium, permeation 
of the cell face, and the avidity of cell binding sites or the “sink’’ on the other 
side. Only the first two steps have an obvious bearing on the mechanism of 
absorption. 

In summary, I have approached lipid absorption as an iconoclast. The 
cell membranes of the intestinal epithelium do not present a barrier to the 
absorption of molecularly dispersed lipid. Logically this precludes active 
absorption of molecularly dispersed lipid. Lipids are not necessarily molec- 
ularly dispersed. But until the possibility is excluded that together transition 
from aggregate form to molecularly dispersed lipid on one side of the epithe- 
lium and its reaggregation on the other side do determine the absorption of 
lipid, I do not feel compelled to embrace the proposition that lipids move 
across the intestinal epithelium as aggregates. I draw attention to the neg- 
ligible exchange of isotopic lipid between intestinal lymph and plasma. This 
raises a question just as important as the one it appears to solve. 
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MOVEMENT OF FLUID AND ELECTROLYTE 


The discussion encountered in current textbooks of movement of fluid 
and electrolyte across the intestinal epithelium is frequently misleading. The 
more obvious canards are briefly: (a) the small intestine normally secretes a 
fluid of voluminous proportions called the succus entericus; (b) this fluid is 
alkaline; and (c) the anisotonic fluid entering the intestine necessarily be- 
comes rapidly isotonic. When these canards are dissected, a distinction may 
have to be drawn between the duodenum and the rest of the intestine. Even 
with the help of Grossman’s review of the glands of Brunner (131), I have 
not been able to find out how much fluid, if any, is normally secreted by the 
duodenum when it is in continuity with the rest of the gastrointestinal tract. 
Irrespective of the events in the duodenum, normally fluid moves from the 
lumen to extracellular fluid throughout the rest of the intestine. Abnormal 
stimuli can certainly excite the mucosa to secrete saline, but continued secre- 
tion is not indefinitely compatible with life. Whether there is absorption or 
secretion, the small intestine strives to render the lumen slightly acidic. From 
the upper jejunum down to the colon, there is a progressive change. The upper 
intestine tends to acidify the lumen and the lower intestine to alkalinize the 
lumen. The level at which this transition occurs varies with the species (107). 

Parsons & Wingate (132) have extended an observation, initially made 
by Fisher (133). Water can be absorbed across the isolated rat intestinal 
epithelium against an appreciable gradient of water. Net water absorption 
occurs even when the osmolarity of the solution bathing the mucosal surface 
exceeds that of the solution bathing the serosal surface by 90 mOsm. per 
liter. An abstract of a paper by Pankova (134) implies that absorption of 
water from hypertonic solutions was confirmed in dogs with Thiry-Vella 
loops. Partial translation of the original article (135) indicates that net ab- 
sorption was not observed. An attempt was made to resolve net movement 
into parts attributable to “absorption’’ and “‘secretion’’. I use the terms ab- 
sorption and secretion to designate just net movement of a molecular species, 
solvent, or solute. At any one locus, we can speak of absorption of a species 
and secretion of another. Along the length of a tube such as the gut or neph- 
ron, we can speak of absorption of a single species at one level and secretion 
at another level, but we can not speak of the simultaneous absorption and 
secretion of a single molecular species at any one locus without inviting 
semantic confusion. This semantic confusion will not be dispelled by deter- 
mining the two unidirectional fluxes of water. 

Berger and associates (136) have determined the flux of Nat and D,O 
across the epithelium of canine Thiry-Vella loops and have presented an 
analysis of a three-compartment system in an unsteady state (137). Con- 
firming the older acute experiments, they found that the ratio of the flux of 
Na* to that of D,O approximates the ratio of their diffusion coefficients in 
water. This may be a manifestation of the greater permeability of the canine 
intestinal epithelium or it may be coincidental. The rat intestinal epithelium 
exercises greater discrimination between Na* and D,O (56). Because so few 
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quantitative data are available concerning the exchanges across the human 
intestinal epithelium, Schloerb’s detailed account of the exchanges occurring 
during the perfusion of an isolated jejunal segment is especially valuable 
(138). He found that the mean osmolarity of the perfusion fluid that resulted 
in no net movement was 363 mOsm. per liter when the plasma had 299 
mOsm. per liter. 

Durbin, Curran, & Solomon (139) re-emphasize their estimate of 35 A 
for the “‘equivalent”’ radius of the pores permeating the rat intestinal epithe- 
lium. An intestinal mucosa, having pores of this dimension, would have the 
selective permeability of ordinary capillary endothelium. The calculation, 
though based on a sound theoretical principle, requires a number of simplify- 
ing assumptions. When the end result is so patently absurd, one must ques- 
tion their oversimplified model of the intestinal epithelium. Other aspects of 
fluid and electrolyte transfer have been considered elsewhere (140, 141). 

Schachter & Rosen (142) have developed in vitro preparations of rabbit 
intestine that absorb and concentrate Ca**. Though not rigorously estab- 
lished, Ca** was, in all probability, actively transported from the mucosal 
to the serosal surface. Prior, vitamin-D deprivation decreased the magnitude 
of the concentration gradient developed across the intestinal wall. The gen- 
eration of concentration ratios of 5 to 10 (serosal: mucosal solution) was con- 
fined to the duodenum. Various inhibitors and anaerobiosis abolished the 
concentration gradient. Brown & Justus (143) find that the rat everted 
intestine takes up radioiron, which also appears in the pouch fluid, but at 
lower concentration than that of the outside bathing medium. 

The ionic movements associated with absorption and secretion of water 
by the colon are quite distinct. Cooperstein & Brockman (144) found that 
during absorption there is a significant potential across the wall of the canine 
colon in situ, the lumen being negative with respect to blood. This could be 
attributed to active transport of Nat with Cl following passively. Though 
HCO; became concentrated in the lumen, this did not result from an ap- 
parent secretion but from the slower reabsorption of HCO; than of water. 
When the colon secreted water into the lumen, the orientation of the trans- 
mural potential did not change. Now Nat moved downhill and was not ac- 
companied by CI-. The transmural potential was attributed to an apparent 
active transport of HCO;-. The potential developed across the isolated frog 
intestine is caused primarily by active Na* transport from mucosa to serosa 
(145). Isotopic CI" is transferred in part by passive diffusion and in part by 
“exchange diffusion”’. 


PANCREATIC SECRETION 


While pancreatic secretion is not occupying much attention at this time, 
it is nevertheless the subject of a number of reviews (146 to 149). The electro- 
lyte composition of pancreatic juice has a feature similar to that of gastric 
juice. It is a function of the rate of formation. As in the case of gastric juice, 
two explanations have been advanced for this dependence: the dual secretion 
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and back-diffusion hypotheses. Dreiling & Janowitz (150) express themselves 
in favor of the second alternative which postulates that there is an exchange 
of juice HCO;- for plasma CI- as pancreatic juice flows down the ducts. In a 
study of pancreatic juice obtained from human subjects, these authors ob- 
served that not only did acetazoleamide partially inhibit the formation of 
pancreatic juice, but at comparable rates of flow, the HCO;- concentrations 
were higher following administration of acetazoleamide. They suggest that 
acetazoleamide inhibits and, by inference, carbonic anhydrase facilitates a 
chloride-bicarbonate exchange across the duct epithelium. I am personally 
inclined to favor their initial premise and I am willing to entertain the idea 
that carbonic anhydrase may have some bearing on such an anionic exchange. 
However, pure pancreatic juice is not collected from the human and, so far 
as I know, a similar disassociation of HCO; concentration and flow rate has 
not been reported for the dog where pure juice can be collected. As noted 
earlier, the Hokins have continued to assemble challenging, but still indirect 
evidence that implicates phospholipids in a possible carrier mechanism for 
pancreatic enzyme secretion (13, 151). Following vagotomy, the easily ex- 
tractable secretin decreases and pancreozymin increases in the rat duodenum 
(152). 
FORMATION OF BILE 

Before one can consider details of bile formation, it is necessary to consult 
a more general account of bile formation such as that offered by Brauer (153). 
Other aspects of liver function have been discussed in a recently published 
symposium (154). Bile is initially formed by secretion of electrolyte and is 
not formed by hydrostatic filtration, even though its electrolyte composition 
is similar to that of plasma. Not only is it secreted against a considerable 
hydrostatic pressure, but the hydrostatic pressure in the hepatic sinusoids is 
not sufficient to overcome the oncotic pressure difference. Into this solution, 
a number of organic acids are actively secreted by a mechanism that is very 
similar to the one that transports p-aminohippurate across the renal tubule 
(155). The formation of bile may also have another feature in common with 
the formation of urine. Dr. Lewis Schanker (personal communication) has 
found procaine amide to be secreted into bile in a higher concentration than 
it is present in plasma; this process is reminiscent of the renal secretory mech- 
anism for organic bases. It is generally assumed that the organic acids are 
secreted into bile by the polygonal cells, but there is little direct evidence, 
other than the visualization of fluoroescein transfer. No evidence has been 
developed suggesting that bile once formed undergoes subsequent concentra- 
tion as the result of a distal reabsorption of saline. The function of the bile 
duct cuboidal epithelium, other than serving as a conduit, is not known. Two 
features of bile formation are anomalous. Many large inert molecules gain 
access to bile suggesting that at some locus, probably the parenchymal cell- 
bile capillary interface, there is an unusual degree of porosity that permits 
relatively free diffusion of large uncharged solutes. Equally surprising is the 
transfer of bile into hepatic lymph immediately after occlusion of the com- 
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mon bile duct (156). In spite of the vast difference between the rates of flow 
of blood and of lymph, bilirubin appears in hepatic lymph in a concentration 
approaching its value in bile. In this circumstance there is an exchange be- 
tween bile and lymph that is not dissipated by an expected secondary ex- 
change with capillary blood. 

Several investigators have found that sulfobromophthalein excreted into 
bile undergoes metabolic transformation to several derivatives some of which 
are conjugates of amino acids or polypeptides (157 to 160). This might sug- 
gest that the transfer of organic acids such as sulfobromophthalein into bile 
is not an example of active transport with the solute moving from a lower to 
higher activity and that it might be the result of selective escape of the 
metabolites into the bile. This is not the case. While the rat transforms sulfo- 
bromophthalein into similarly colored derivatives with lower extinction co- 
efficients, an appreciable fraction is secreted unchanged. With high bile to 
plasma concentration ratios, this must mean that the parent compound is 
actively transported. Readministration of the more stable derivative leads to 
its secretion into bile in higher concentration (162). A comparable situation 
is encountered in the kidney where the secretory mechanism will also trans- 
port many metabolites of sulfonephthalein dyes. Provided that the structure 
of the organic acid is not altered drastically, the happenstance of its being 
churned through the metabolic machinery of the body is incidental to its 
active transport. Bilirubin, like foreign organic acids, undergoes both meta- 
bolic conversion as well as secretion into bile (162). Indocyanine green may 
prove to be a better compound than sulfobromophthalein for the clearance 
determination of hepatic blood flow (163). 

Hepatic bile does undergo a secondary reduction of volume in the gall- 
bladder of those species possessing one. Herman, Wilson & Kazyak (164) 
have scrutinized the electrolyte shifts in vivo and in vitro. In vivo, the guinea 
pig reduces the concentration of HCO; and increases the Kt concentration 
of hepatic bile placed in the gallbladder. In vivo and in vitro both the HCO;— 
and K* concentrations of a simple bicarbonate-saline solution increase when 
it is in contact with the mucosa. They attribute the difference in the change 
of HCO; concentration to a ‘‘Donnan effect’’ resulting from the presence of 
the poorly absorbed cholate anions of hepatic bile. This suggestion has merit 
though not necessarily clarity. Without pursuing this point, I admit to hav- 
ing created enough confusion among students by insisting that a Donnan 
equilibrium, because it is an equilibrium, is only encountered in biological 
systems at death. Ionic movements cannot be discussed simply in terms of 
concentration without a knowledge of the potential difference; when two 
dissimilar solutions bathe a membrane it is just as important to obtain the 
potential difference as to measure differences in concentration. 


MOTILITY 


The newer knowledge of esophageal motility has been amply reviewed 
(165 to 167). The use of more refined techniques has continued to confirm 
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the existence of an esophagogastric sphincter. Fluorocinematography, per- 
mitting levels of 1 to 3 r per min. at the table top, has been combined simul- 
taneously with open-tip manometry (168). It has been possible to combine 
as many as six fine polyethylene catheters into a single bundle which is 
tolerated by human subjects (169). In such an array of tubes the lateral 
openings were placed as close as 1 cm. apart, and use of the bundle has led to 
the more confident conclusion that the high-pressure zone is less than 3 cm. 
in length. The very choice of the term secondary esophageal peristalsis im- 
plies that it is functionally distinct from the ordinary response to swallowing. 
If a “fixed”’ balloon is used to stimulate peristalsis within the esophagus and 
open-tip catheters are used to monitor the propagation of waves distally, 
the response is similar to that after swallowing but for the absence of the 
oropharyngeal movements and the interruption of respiration (170). Perhaps 
secondary peristalsis might offer an advantage in the study of the esophago- 
gastric sphincter uncomplicated by secondary respiratory movements. 

Smith & Code (171) have extended the pragmatic analysis of gastric 
antral activity in terms of wave types and their relative occurrence following 
a fat meal. The over-all activity in the antrum is only depressed transiently 
after a fat meal. However, in contrast to the pattern following an ordinary 
meal, Type I waves which are thought to promote mixing are more promi- 
nent while Type II waves believed to be propulsive in nature become less 
frequent. Farrar & Bernstein have presented a more detailed account of 
their experience with the radiotelemetering capsule (172). While it offers a 
clear advantage over the more prevalent techniques requiring the passage of 
a tube, it would be inadvisable to employ it widely in human subjects until 
it has been used extensively in the dog or its size reduced. I had gained the 
impression that the ileocecal valve did indeed act like a valve by virtue of 
its gross structure. On reading the account of pressures required to induce 
reflux, I am less confident that this is so. The pressure necessary to overcome 
ileocecal resistance in the anesthetized dog was found to be 13 cm. H,O in 
contrast to 36 cm. for the esophagogastric juncture and the 36 cm. H,O 
necessary to overcome the ileocecal resistance in the unanesthetized human 
(173). It would be interesting to know whether anesthesia modifies the 
ileocecal resistance. 

Bozler has reported that the sucrose space of amphibian gastric smooth 
muscle is greater than the inulin space (174). Arguing from this observation 
and the slow escape of K*, he proposes that the concept of the cell membrane 
is not applicable to the smooth muscle cell and that potassium is adsorbed 
onto the cell matrix (175). He recognizes that this suggestion can only be 
reconciled with an osmotic balance by also binding most of the water. He 
believes the cell does this. It might also be pointed out that the Ling hy- 
pothesis is also incompatible with the resting potential across the smooth 
muscle cell membrane. It is interesting that the smooth muscle cell exhibits 
some permeability to sucrose but this is not unique, for the liver parenchymal 
cell is also permeable to sucrose. This is not a sufficient reason in this re- 
viewer's opinion, even when combined with a kinetic analysis of K® ex- 
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change which is notoriously refractory to elucidation, to revive a discarded 
hypothesis and reject the wealth of evidence accumulated in other systems. 
Holaday and his colleagues have carried out a detailed analysis of the small 
intestinal electrogram (176). They draw attention to two types of activity: 
brief spikelike activity and slow potential changes. Though admittedly 
basing their hypothesis on indirect evidence, they suggest that the spike 
potentials represent firing associated with contraction and the slow potential 
changes constitute co-ordinated variations in the state of the cell from re- 
fractoriness to relative excitability. Sperelakis & Prosser (177) present fur- 
ther evidence that transmission can occur between two rings of feline small 
intestinal circular muscle when approximated after prior separation, and 
they make a case for non-neuronal electrical transmission between smooth 
muscle cells. Burnstock (178) has observed that rapidly increasing the tem- 
perature of the isolated trout gut by 6°C. reversibly abolishes propagated 
peristaltic waves and also gastric contractions induced by vagal stimulation. 
In contrast the non-propogated “‘pendular’’ movements increase in ampli- 
tude and rate with increasing temperature. He suggests that the latter con- 
tractions are myogenic and, as seems to me plausible, the small increase in 
temperature inactivates fish neurons. 

Biilbring & Crema have advanced additional evidence in favor of their 
hypothesis that 5-hydroxytryptamine is a neurohumoral transmitter modu- 
lating peristalsis and is released in the intestinal mucosa in response to pres- 
sure. They use peristalsis to mean the rate of propulsion of fluid through a 
loop. Jn vivo, increasing the intraluminal pressure from 1 to 6 cm. H,0O in- 
creased the serotonin recovered from the lumen fluid by a factor of eight, 
based on bioassay (179). In contrast to the in vitro response to intraluminal 
installation of 5-hydroxytryptamine, only short bursts of peristalsis could be 
evoked in vivo and even then only with very large amounts (180). The slow 
intra-arterial infusion in modest amounts of both 5-hydroxytryptamine and 
its precursor 5-hydroxytryptophan did stimulate peristalsis. Excessive 
administration of the precursor inhibited peristalsis. There is evidence that 
a neurohumoral agent such as serotonin can be stimulatory in a low con- 
centration and inhibitory at a higher concentration. While this probably 
enters into the observed differences in response to intraluminal serotonin 
in vitro and in vivo, attention might be drawn to the occurrence of an abnor- 
mal mucosal permeability in vitro. The authors are not yet able to conclude 
whether serotonin is of primary or secondary importance in normal peristalsis. 
They have offered a clear account of their in vitro technique which may prove 
valuable in the teaching laboratory (181). Burnstock (182, 183) has applied 
the “sucrose-gap”’ technique to guinea pig taenia coli and finds that acetylcho- 
line depolarizes and epinephrine hyperpolarizes the membrane potential. 
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NERVE EXCITATION AND SYNAPTIC 
TRANSMISSION! 


By C. S. SpyROPOULOS AND I. TASAKI 
Laboratory of Neurophysiology, National Institutes of Health, Bethesda, Maryland 


In this review we shall discuss recent developments on several topics 
which come under the category of nerve excitation and synaptic transmis- 
sion. No attempt will be made, however, to include in this survey all perti- 
nent articles. We shall concentrate on a limited number of experiments which 
appeared to us important. We do not pretend to have done this without bias. 
We were requested to cover the period between July 1, 1958, and June 30, 
1959; however, we have also included work that has appeared at other times. 
In a number of instances, we attempted to repeat the observations to be 
reviewed. 

During the past year a number of reviews and monographs on this subject 
have appeared. They include a review by Shanes (1) on the action of drugs 
upon the nerve, the first volume of the Handbook of Physiology, edited by Field, 
Magoun & Hall (2), achapterwritten by Woodbury & Towe in one of the Prog- 
ress series (3), the proceedings of asymposium sponsored by Fernandez-Moran 
& Brown (4), and two monographs, one by von Muralt (5) and the other by 
Segal (6). Attention is also called to a review by Lyudkovskaya (7) on the 
contributions of Russian scientists to the problem of structural and chemical 
changes during nervous activity. Some of these experiments deserve more 
consideration than they have received. 


EXCITATION IN SODIUM-DEFICIENT MEDIA 


At about the turn of the century, Overton (8) discovered the necessity of 
sodium ions in the medium for maintenance of excitability of nerve and 
muscle. He speculated that there might be an exchange between intracellular 
potassium and extracellular sodium during activity. Later, in 1947, Lorente 
de N6 (9) repeated these experiments, using choline to replace sodium. He 
suggested that the loss of excitability might be caused by loss of sodium 
within the nerve. Subsequently, these experiments were greatly expanded by 
British physiologists [Hodgkin & Katz; Nastuck & Hodgkin; Huxley & 
Staimpfli; see Hodgkin (10)]. With these observations as a basis, the well- 
known theory of nerve excitation [Hodgkin & Huxley (11)] was formulated. 

During the last few years, a growing body of literature has stressed the 
point that sodium ions are not essential for excitation. These recent experi- 
ments could even be interpreted as indicating that practically all excitable 
tissues can respond in the absence (or almost complete absence) of sodium 
ions if the trouble is taken to select proper substitutes. Some of the experi- 
ments demonstrating excitability in the absence of sodium are very old. 


1 The survey of literature pertaining to this review was concluded June 1, 1959. 
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Until quite recently, however, such observations have been treated as ex- 
ceptional. Advances during the last year indicate the need for a review of 
these experimental findings. 

Plant cells —Early work by Osterhout (12) showed that Nitella responded 
in the absence of sodium. Later this was shown to be true also for Chara, 
another alga capable of developing all-or-none electric responses [Gaffey & 
Mullins (13)]. 

Muscles.—It has been known for many years that the blood or tissue 
fluid of some insects contains a large amount of potassium and little or al- 
most no sodium. Brecher (14) mentions that in some butterflies the sodium 
concentration in the blood is so low that it could not be detected. It was 
shown that the action potential of the muscle persists in the complete ab- 
sence of sodium [Wood (15)]. It was also shown that BaCl, or SrCle, in the 
absence of sodium, increased the amplitude and duration of the response and 
altered graded responses into all-or-none responses [McCann, Werman & 
Grundfest (16)]. 

According to Fatt, Katz & Ginsborg (17, 18), the response of crustacean 
muscle is low in amplitude and graded in the presence of sodium. In the ab- 
sence of sodium, but in the presence of choline, quarternary ammonium ions, 
strontium, and barium, the amplitude and duration of the response are en- 
hanced and the all-or-none property appears. After treatment of the muscle 
with tetrabutylammonium, responses were obtained in sucrose solution con- 
taining a small amount of calcium and magnesium. 

In frog skeletal muscle it is known that the major portion of sodium can 
be replaced with tetraethylammonium without appreciably reducing the 
amplitude of the action potential [Hagiwara & Watanabe (19)]. Recently, 
Koketsu & Nishi (20) found that in frog sartorius muscle the electrical re- 
sponse which had been eliminated by soaking in sodium-free isotonic sucrose 
can be restored in hydrazinium solution. 

Daniel & Singh (21), Burnstock & Straub (22), and Holman (23, 24) re- 
port that mammalian smooth muscle may respond for extended periods of 
time in the absence of sodium or in solutions with low concentrations of 
sodium. 

In Purkinje fibers of mammalian cardiac muscle, Weidmann (25) showed 
that the action potential varies with the logarithm of the external sodium 
concentration. However, Cranefield & Hoffman (26) quoted in a recent re- 
view a number of unpublished observations on various cardiac muscles indi- 
cating relative insensitivity of the electric response to sodium deprivation. 
Spyropoulos had a similar but independent experience (unpublished). When 
the concentration of sodium in the medium surrounding a frog heart was 
lowered to below 10 per cent of the normal content, the sodium dependence 
of the amplitude of the intracellularly recorded response of the ventricle was 
very low. Responses of 80 to 90 mv. in amplitude were obtained for more than 
1 to 2 hr. in a medium containing 2 to 3 per cent of normal sodium, a small 
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amount of potassium, calcium, and bicarbonate (using sucrose to maintain 
isotonicity). 

Nerve fibers.—Using frog nerve trunks, Lorente de N6 (27) found that B 
and C fibers in the frog sciatic nerve responded in the absence of sodium but 
in the presence of a number of quarternary ammonium ions. A comparable 
experiment was done on mammalian B and C fibers, again using nerve trunks 
|Greengard & Straub (28)]; it was claimed that BaCle or SrCl. can substitute 
for NaCl. Spyropoulos attempted to reproduce these experiments using iso- 
lated B and C fibers of the toad. It was found that even in the presence of 
sodium, tetraethylammonium or barium produced a prolongation of the ac- 
tion current and repetitive or spontaneous firing. When sodium was com- 
pletely replaced with tetraethylammonium or barium, however, responses 
obtained were poor and dubious. The possibility exists that deprivation of 
sodium was incomplete in the previous experiments; however, alternative 
interpretations are conceivable. 

Using frog nerve trunks, Lorente de Né and his associates (29, 30) found 
that responses of the A fibers could be maintained in the absence of sodium 
but in the presence of various quarternary ammonium ions. Using nerve 
trunks, Sugaya & Laget (31) reported similar results for mammalian A fibers. 
Deck (32) and Liittgau (33) confirmed these observations on the isolated 
node of Ranvier of the frog using guanidine as a substitute for sodium. Ex- 
amination of their data indicates to us, however, that responses obtained in 
the absence of sodium did not display the all-or-none property. 

In our experience with isolated nodes of Ranvier of the toad and with the 
squid giant axon, prolongation of the electric response is associated with a 
decreased sensitivity to sodium deprivation. Intracellular addition of tetra- 
ethylammonium, extracellular application of nickel or cobalt ions, or applica- 
tion of high hydrostatic pressure was used as the means of prolonging the re- 
sponses. Choline or sucrose was employed as a substitute. Under these condi- 
tions, the sodium requirement for production of responses was greatly re- 
duced (especially with tetraethylammonium or nickel) and varied from prep- 
aration to preparation. The existence of a kind of “excitability” in nerve 
fibers immersed in pure KCI solution will be discussed in the next section. 

Dorsal root ganglion cells —Koketsu et al. (34), using intracellular micro- 
pipettes, observed that frog dorsal root ganglion cells can respond in the ab- 
sence of sodium and in the presence of quarternary ammonium ions. The 
potency of the different substitutes was not the same. The duration and the 
amplitude of the response were increased. 

One particular experiment reported by Koketsu ef al. deserves further 
comment. They immersed the ganglion in a solution in which NaCl was com- 
pletely substituted with sucrose. The cells which had lost their all-or-none 
responses started to develop large action potentials upon intracellular injec- 
tion of tetraethylammonium ions. From these results, they conclude that 
tetraethylammonium is not assuming the role of sodium stipulated in the 
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sodium theory. An example of the records they obtained is reproduced in 
Figure 1. 

Tasaki has repeated and confirmed most of the observations reported by 
Koketsu et al. Additional observations indicated that the cell can develop 
action potentials in a medium in which sodium is completely replaced with 
barium. The response amplitude was slightly increased when sodium in the 
normal Ringer was gradually replaced with barium. Cells with reversed rest- 
ing potentials (stabilized at the plateau of the prolonged action potential) 
are often found in barium solutions; they responded only to a hyperpolarizing 
pulse with a hyperpolarizing response (see below). 


/ AAAAAAA 
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Fic. 1. Effect of injection of tetraethylammonium (TEA) into a cell body in the 
frog dorsal root ganglion immersed in sodium-free sucrose solution. Record 1, ob- 
tained immediately after impalement, shows no response to strong depolarizing 
pulses; Record 2 shows prolonged responses to repeated application of outward cur- 
rents through the microelectrode filled with TEA. Records 3 and 4 were taken after 
further injection of TEA into the same cell. Calibration, 50 mv.; 1000 c.p.s. (Records 
1 to 3) and 100 c.p.s. (Record 4) [Koketsu et al. (34)]. 
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Neuromuscular transmission.—Transmission across the junction between 
motor nerve fibers and the sartorius muscle of the frog was obtained in the 
absence of sodium and in the presence of hydrazine [Koketsu & Nishi (20)]. 

General consideration.—A question may be raised: How do we account for 
the variety of results summarized above? This question may be rephrased 
in thermodynamical terms. From the standpoint of the thermodynamics of 
irreversible processes [de Groot (35)], the level of the electric potential at 
the peak of activity should be determined by (a) the composition of the ions 
in the external medium in the vicinity of the membrane, (b) the composition 
of the ions in the internal medium in the vicinity of the membrane, (c) the 
state of the membrane, and (d) the flow of matter and heat through the mem- 
brane. Metabolism of the cell is responsible for the continuous production of 
entropy. The state of the membrane can be defined by specifying the mobili- 
ties of the ions and the distribution in the membrane. In general, the move- 
ments of ions in the medium are not independent; therefore, the mobilities 
representing the cross terms between different ions must be specified. If one 
assumes a mosaic structure for the membrane, a greater number of terms is 
required to specify its state. Obviously, the Hodgkin-Huxley membrane 
(11) is a special case in which all cross terms are assumed to be negligible, 
the concentration gradient of sodium ions determining the peak value of the 
action potential. 

At this point, the readers may wonder how, with the observations men- 
tioned above as a basis, we can specify the state of the membrane. Our 
answer is simple: we do not know yet. 


HYPERPOLARIZING RESPONSES IN POTASSIUM-RICH MEDIA 


The nerve membrane depolarized with potassium-rich solutions does not 
behave like a passive resistor; rather it shows a threshold phenomenon at 
certain intensities of inward (anodal) current. This phenomenon was de- 
scribed previously by Lorente de Né6 (9) for the nerve trunk of the frog. 
Recently, Stampfli (36) and Mueller (37) described the existence of a thres- 
hold phenomenon in the single nerve fiber preparation of the frog immersed 
in isosmotic potassium chloride solution. Segal (38) discovered a similar 
phenomenon in the squid giant axon immersed in potassium acetate. 

The essential feature of this phenomenon is illustrated in Figure 2, a 
reproduction from Segal’s paper. A squid giant axon carrying a longitudinal 
current electrode and a short potential electrode in its axis was immersed in a 
medium containing 400 mM K-acetate, 0.6 mM K-bicarbonate, and suffi- 
cient sucrose to maintain tonicity. When pulses of outward current were 
sent through the membrane, the axon behaved like an ohmic resistor, the 
current-voltage relationship being linear throughout a wide range. When the 
polarity of the current was reversed, however, a disproportionately large 
potential variation was found to develop for current intensities stronger 
than about 0.1 m.amp./cm.? The jump in the membrane potential was 
50 mv. or occasionally more. Segal pointed out that since this potential 
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Fic. 2. Changes in transmembrane potential associated with increasing intensities 
of anodal current. Reading from top to bottom, the current densities (mamp./cm.®) 
are 0.079, 0.110, 0.120, 0.126, respectively. The vertical and horizontal bars sub- 
tend 50 mv. and 50 msec. respectively [Segal (38)]. 


variation leaves a kind of refractoriness behind it, it could be regarded as a 
“response which has a polarity opposite to that of a normal response.”’ The 
hyperpolarizing response could be abolished in an all-or-none manner by 
cathodal pulses. 

Stimpfli believed this phenomenon in the nodal membrane could be 
expected on the basis of the sodium theory. He thought that when the 
“potassium conductance”’ was decreased by an anodal pulse, the membrane 
potential should shift from the “potassium equilibrium level’ to the ‘“‘chlo- 
ride equilibrium level”. According to this interpretation, the phenomenon 
in question should be strongly affected by alteration in the concentration of 
chloride in the medium. Actually, however, complete replacement of chlo- 
ride ions in the medium by organic anions (acetate or glutamate) did not 
have any clear effect in either the squid axon or in the toad nodal membrane. 

After an extensive analysis of the mechanism underlying the hyper- 
polarizing response in the potassium-rich media, Tasaki came to the con- 
clusion that the hyperpolarizing response is a modified expression of the 
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normal excitability of the nerve membrane. To illustrate this interpretation, 
let us mention an experiment made on the nerve cell in the dorsal root gan- 
glion of the toad. When the sodium bathing a dorsal root ganglion cell is 
partially or completely replaced with barium, the duration of the response 
tends to increase. Under certain conditions, the membrane potential may 
even remain indefinitely at the level of the plateau. [A similar failure of 
repolarization following a prolonged response has been observed in the 
heart muscle by Coraboeuf & Wiedmann (39, p. 34) and by Trautwein 
(personal communication).] When the potential of the ganglion cell remains 
at the plateau level indefinitely, application of an anodal (hyperpolarizing) 
pulse to the membrane may initiate the process of repolarization in an all- 
or-none manner. 

Our interpretation of the hyperpolarizing response is as follows. The 
nerve membrane immersed in potassium-rich media is in the state of main- 
tained depolarization at the level of the ‘‘shoulder’’ present in the action 
potential of the node under normal conditions and in the action potential of 
the giant axon treated with tetraethylamnionium. When a long pulse of 
hyperpolarizing current is applied to the membrane, the process of all-or- 
none repolarization takes place. The hyperpolarizing response observed by 
Stimpfli and Segal is the sum of the repolarization stated above and the 
change in the potential-drop across the resistance of the membrane. 


VOLTAGE CLAMp EXPERIMENTS 


The voltage clamp method was given importance in 1952 by the work of 
Hodgkin, Huxley & Katz (40). The results obtained by this method served 
as the foundation of the sodium theory of nerve excitation [Hodgkin & 
Huxley (11)]. In recent years, this method was employed by a number of 
investigators to study the behavior of the excitable membrane. The material 
used in these investigations includes the amphibian nodal membrane [del 
Castillo et al. (41); Tasaki & Bak (42); Dodge & Frankenhaeuser (43)], the 
squid giant axon [Tasaki & Spyropoulos (44, 45); Shanes et al. (46); Taylor 
(47)], the giant nerve cell of the puffer-fish [Hagiwara & Saito (48)], the 
giant synapse of the squid [Hagiwara & Tasaki (49)], and others. Dodge & 
Frankenhaeuser believe that the fundamental equations of the sodium 
theory are applicable to the data obtained from the node of Ranvier (with 
the constants properly adjusted); their interpretation of the results, there- 
fore, may not require any elaboration. Shanes and his co-workers and Taylor 
seem to have the same opinion of their more recent experiments on the squid 
axon. An alternative interpretation of the voltage clamp data was suggested 
by the present reviewers. We shall briefly compare the new interpretation 
with the generally accepted one. 

When the potential level at the center of the axoplasm is suddenly raised 
above the resting level and is kept constant by the use of the electronic feed- 
back technique, the current required to maintain the constant level varies 
with the amount of potential rise at the onset and also with time required 
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for a given amount of depolarization. The relationship between the amount 
of depolarization and the maximum value of the inward current is given, in 
all the excitable systems examined, by the type of N-shaped curve presented 
in Figure 3C. In this diagram, the intensity (peak value) of the inward 
current is plotted on the negative side of the ordinate against the amount of 
depolarization. 






































Fic. 3. A: Equivalent circuit of the excitable membrane suggested by Hodgkin & 
Huxley (11). B: Diagram showing a mixed state of the membrane; E; and g; represent 
the effective emf. and the conductance in the resting state, Ey and gy the correspond- 
ing values in the active state and a denotes the active fraction [Tasaki & Hagiwara 
(152)]. C: the current-voltage relationship determined by the method of voltage 
clamp; according to the sodium theory, EZ; and E2 in this diagram correspond to 
Ex and Enya respectively; according to the alternative theory, straight line I repre- 
sents the state in which a=0, straight line II the state a=1, and portion III 
mixed states [Tasaki & Spyropoulos (45)]. 


The curve consists of three distinct portions: (I) a roughly straight line 
passing through the origin, (II) a straight line passing roughly through the 
peak level of the action potential, and (III) an intermediate portion con- 
necting the two straight portions. It is agreed that portion (I) represents the 
voltage-current relationship of the membrane in the resting state and portion 
(II) that in the active state. The ratio of the slope of portion (II) to that of 
portion (I) is taken by all the investigators as the measure of the conduct- 
ance increase during activity. 

The intermediate portion (III) is interpreted according to the sodium 
theory as indicating a gradual increase in sodium conductance with increas- 
ing depolarization. In the newly suggested interpretation, this portion repre- 
sents a gradual increase in the active area (or in the number of active spots) 
surrounded by the resting portion of the membrane. When the individual 
areas are large, they can be experimentally detected [Tasaki & Spyropoulos 
(44)]. When the size of individual active spots is microscopically small, the 
postulated non-uniformity of the membrane can not be detected by experi- 
ment and the difference between the two interpretations is purely conceptual. 
However, an indirect support of the postulated view was found in an experi- 
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ment in which the conductance of the membrane in the intermediate state 
(III) was measured by means of high-frequency alternating current [Tasaki 
& Spyropoulos (45)]. 

In the interpretation offered by the present reviewers, it is assumed that 
excitation is essentially a discontinuous, all-or-none type of physicochemical 
alteration in the state of the membrane. The role of the voltage clamp device 
is to reduce the interaction by eddy or local current between the active spots 
and the resting area. If voltage clamping is very powerful, every spot of the 
membrane should behave more-or-less independently. [This is actually the 
case in the cobalt model of the nerve membrane investigated by Tasaki & 
Bak (50).] If the regenerative power of the membrane is strong compared 
with the influence of the clamping device, large active patches are formed in 
the ‘‘clamped”’ area. (This occurs in the iron oxide model of the nerve mem- 
brane.) From our point of view, clamping is in a sense always imperfect; the 
clamping device can not fix individual spots of the membrane in a state 
half-way between the active and resting states. 

As has been pointed out above, portion (II) in Figure 3C represents the 
fully active state of the membrane. In the sodium theory, this portion cor- 
responds to the state in which the sodium conductance has reached the maxi- 
mum. Since the potassium conductance has not yet increased at this stage, 
the inward current is carried selectively by the sodium ions [see further evi- 
dence in the skeletal muscle obtained by Hodgkin & Horowicz (51)]. In the 
alternative interpretation, there is no assumption of specific permeability 
changes during activity. An inward current should still be carried by sodium 
ions, at least at the outer surface of the membrane, because sodium is the 
only major cation in the medium and the anions in the axoplasm are not as 
mobile as sodium. 


PHOTOACTIVATION OF EXCITABLE SYSTEMS 


For a number of years, Arvanitaki & Chalazonitis (52, 53) have been 
studying activation of a number of excitable systems by light. This is an 
extension of the old experiments by Lippay and others [e.g., (54)] on photo- 
activation of skeletal muscle. These observations, although novel and of 
considerable fundamental importance, have not received the attention they 
deserve. This work is not only of pertinence to the problem of excitation per 
se, but possibly also to the problem of the coupling between the activation 
of pigments in photoreceptors and the generation of the nerve impulse. 
Three systems have been employed: the Sepia giant axon, the Helix heart, 
and the Aplysia giant soma. Of these three, the giant axon does not possess 
any natural pigments. The other two have pigments and can be made to 
produce repetitive activity in response to light of the wavelength of maximal 
absorption of the pigments. The light produces a depolarization which in 
turn is responsible for the repetitive activity. The Sepia giant axon can be 
photoactivated upon intracellular injection of a pigment. It is rather inter- 
esting to note that photoactivation in these systems often results in mainte- 
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nance of the potential at the level of the plateau of the action potential. 
Figure 4 is a reproduction of one of the records of Arvanitaki & 
Chalazonitis. A single giant axon of Sepia was stained with neutral red. The 
axon was then illuminated by visible light of moderate intensity for a period 
of one second. The intracellular potential started to rise during the period of 
illumination, and the process of subthreshold oscillation appeared. When the 
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Fic. 4. A: Response of an isolated Sepia axon stained with neutral red to local 
stimulation by light; calibration, 4 mv. and 1 sec. B: Same as A, but at lower ampli- 
fication. Bottom: 10 sec. after the end of B, top; calibration, 40 mv. and 1 sec. Tem- 
perature, 6°C. [Arvanitaki & Chalazonitis (52)]. 





amplitude of oscillation reached a certain level, repetitive firing of responses 
ensued. Later, the membrane was suddenly arrested at the upper, depolar- 
ized level. These authors have not tried to repolarize the membrane at this 
stage by anodal current pulses. However, if repolarization is shown to take 
place in an all-or-none manner, one is inclined to think that this phenomenon 
is closely related to the phenomenon of fixation of the membrane potential 
in the upper stable state by KCI and by BaCle discussed earlier. A similar 
observation of the frog nerve fiber was published by Stieve (153). 


HEAT PRODUCTION ASSOCIATED WITH NERVE IMPULSE 


The presence of heat production associated with nervous conduction was 
not generally accepted until the experiments of Downing, Gerard & Hill 
(55) were published in 1926. Before that time, however, several investigators 
claimed to have observed heat production in the nerve in response to stimu- 
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lation. Heilbrunn states in his textbook (56) that Claude Bernard was in the 
habit of demonstrating to his students heat production by rabbit nerve, on 
stimulation. A historical account of this topic can be found in a review article 
written by Feng (57). 

Recently, with the development of more accurate recording techniques, 
Hill and his associates have re-examined this problem [Abbott, Hill & 
Howarth (58); Hill & Howarth (59)]. They found that at 0°C., heat produc- 
tion associated with a single impulse in the non-medullated nerve of Maia 
occurs in two phases, positive and negative. The positive phase is very 
rapid and the negative one somewhat slower. The average heat production 
was about 9- 10-6 cal./gm. nerve in the positive phase and the heat absorp- 
tion in the negative phase was about 7-10~* cal./gm. nerve. The diphasic 
process is over between 0.15 and 0.30 sec. 

Figure 5, showing this diphasic process, is reproduced from a paper by 
Hill and his co-workers (58). Only the net heat can be detected above 12°C, 
In the previous heat production experiments [Downing, Gerard & Hill (55)]. 
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Fic. 5. Heat production and absorption caused by single stimulus at 0°C., in 20 
msec. blocks: units of 10-* cal./gm. nerve: time after shock in msec. A mean of five 
experiments, positive heat 8.8 ycal./gm. negative heat 6.8 ucal./gm. net heat 2.0 
ucal./gm. B positive heat, 10.7 ucal./gm.; negative heat, 8.0 wcal./gm., net heat 2.7 
ucal./gm. [Abbott, Hill & Howarth (58)]. 


it was only the net heat that could be detected because of the poor time 
resolution of the recording instruments. In the medullated nerve of Rana 
temporaria, the heat production is not diphasic. It was suggested that this is 
true because of the slowness of the recording instruments. 

Using the discharge of the electric organ of the torpedo, Fessard and his 
co-workers also found diphasic heat changes [Abbott, Aubert & Fessard 
(60)]. They could not estimate the temperature changes for the first 80 to 
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100 msec. After an initial heating, a period of rapid cooling and then a slow 
cooling were observed. This cooling continued and sometimes the tempera- 
ture fell below the initial value. 

It is evident, at least to us, that both in the nerve and in the electric 
organ, a part of the positive heat derives from Joule’s heat as a result of the 
flow of current associated with production of the action potential. It is 
interesting to note that in the myelinated nerve fiber, Joule’s heat is pro- 
duced almost exclusively in the internode and not at the nodes of Ranvier. 
At 15°C., the leakage resistance of the myelin sheath of a large medullated 
fiber of the frog is about 400 megohm/mm. [Tasaki (61)]. An action poten- 
tial of 110 mv. in peak amplitude and 3 msec. in duration is expected to gen- 
erate 3-10~* joule per mm. of myelin sheath. Joule’s heat produced by the 
longitudinal current in the axis cylinder is of approximately 10~ joule for 
the same length of internode. Now, dividing the total Joule’s heat in the 
internode by the weight of 1 mm. long internode (approximately 1077 
gm./mm.), it is found that the heat production at the internode should be 
of the order of 0.1 wcal./gm. of internode for a single impulse. The current 
which flows through the node is far shorter in duration than the leakage 
current through the myelin sheath. On this account and because the re- 
sistance of the nodal membrane falls during activity, Joule’s heat at the 
node should be small. 

Abbott, Hill & Howarth (58) mention that in the frog medullated nerve, 
the initial heat in a single impulse at 0°C. is about 0.25 ucal./gm. This figure 
is not very different (considering the difference in temperature) from the 
above-mentioned value calculated by the present reviewers. Abbott et al. 
divided the observed heat by the volume of the node of Ranvier and ob- 
tained an incredibly large heat production per gram of nodal material. 

It was pointed out by Hill and his associates that a part of the initial 
heat derives from interchange of sodium and potassium associated with the 
propagation of an impulse. It was shown that mixing isosmotic solutions of 
NaCl and KCI produces heat. Conduction of a nerve impulse is associated 
with a flow of local current and other processes which bring about an inter- 
change of sodium and potassium ions across the membrane. This interchange 
is considered by these authors to account for a substantial part of heat pro- 
duction. 


ELECTRICAL PROPERTIES OF THE NERVE CELL MEMBRANE 


Since Eccles and his associates (62) and Woodbury & Patton (63) suc- 
cessfully applied the technique of intracellular recording to the study of the 
spinal motoneurons in 1952, there have been a tremendous number of publi- 
cations on this subject. The technique was extended to the studies of other 
types of nerve cells, vertebrate and invertebrate, and information about the 
electrophysiological properties of the nerve cell membrane is rapidly in- 
creasing. Last year, Coombs, Curtis & Eccles (64) made elaborate measure- 
ments of the electrical constants of the motoneuron membrane and com- 
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pared their data with those of previous investigators. The following is a 
summary of the present-day knowledge about the properties of the nerve 
cell membrane taken from their article. 

In the cat motoneuron, which has a surface area of about 5-10~4 cm.?, 
the resistance of the membrane of a unit area is between 600 and 2000 
ohm:cm.? and the time constant between 1.2 to 5.1 msec. [Frank & Fuortes 
(65); Rall (66); Coombs et al. (64)]. In the toad motoneuron, which is 
slightly smaller, the corresponding figures are 370 ohm-cm.? and 1.5 to 8 
msec. [Araki & Otani (67)]. In the supramedullary cells of the puffer-fish, 
these figures are 500 to 100 ohm-cm.? and 4 to 6 msec. [Hagiwara & Saito 
(48)]. In the nerve cell of the toad dorsal root ganglion, the figures obtained 
are 2200 to 4000 ohm-cm.? and 2.1 to 4.6 msec. [Ito (68)]. In the giant nerve 
cells of Aplysia, Fessard & Tauc (69) obtained 2200 ohm-cm.? and 10 to 80 
msec. In the cardiac ganglion cells of the lobster, the specific membrane 
resistance was 3000 to 30,000 ohm:-cm.? and the time constant was 2 to 16 
msec. [Otani & Bullock (70)]. All these nerve cells had a resting potential of 
40 to 80 mv. 

Upon stimulation of the proper afferent nerve (orthodromic) or the axon 
arising from the cell (antidromic), the cell is known to develop an action 
potential of 50 to 125 mv. in amplitude. In orthodromic stimulation the 
action potential is preceded by the synaptic potential which is considered 
to initiate the electric response in the cell. The rising phase of the response is 
sometimes very rapid, but in many other cases there is a sign of a ‘‘notch”’ 
or a discontinuity in about the middle of the rising phase. When the safety 
factor for conduction is reduced by injury or by refractoriness, the portion 
of the response above the notch may completely drop out. It seems custom- 
ary at present to designate the remaining portion of the response as ‘‘A- 
spike” and the portion which can be readily eliminated as ‘‘B-spike’’. 

There is some controversy in the literature as to the origins of the A- 
and B-spikes. Most investigators attribute the A-spike to the activity of the 
axon hillock or the initial segment of the axon and the B-spike to the re- 
sponse of the remaining portion of the cell membrane [Eccles (71); Svaetichin 
(72); Ito (68); Frank & Fuortes (65); Bennett (73)]. Fatt (74), however, 
believes that the A-spike of the cat motoneuron represents the activity of 
the nerve cell membrane and the B-spike the response of the dendrites. 
More recently, Freygang & Frank (75) suggested that both the A- and B- 
spikes derive from the axonal portion of the membrane and not from the 
nerve cell membrane. 

The divergence in opinion can be solved if one can carry out accurate 
potential measurements at various portions of the nerve cell under direct 
visual observation. Thus, Edwards & Ottoson (76) examined the crustacean 
stretch receptor cell from this point of view and showed that in orthodromic 
excitation the nerve impulse is initiated at the axon but that the activity 
spreads to the cell membrane as well as away from the cell (along the axon). 
By the use of the voltage clamp technique, Hagiwara & Saito (48) showed 
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that the membrane resistance of the giant nerve cell of the puffer-fish de- 
creases during activity to about one-thirtieth of its resting value. 

Edwards & Ottoson (76) made an interesting remark as to the excita- 
bility of the nerve cell membrane, saying that ‘‘the region that remains 
passive (during the spike) could, of course, be the area covered by glia cells 
and synaptic knobs.”” We questioned several anatomists and electron- 
microscopists as to the percentage of the nerve cell membrane left uncovered 
by the glial elements and synaptic knobs. Some of the anatomists believe 
that the major portion of the cell surface is covered by synaptic boutons 
and the remaining surface by glia cells [see, e.g., Wyckoff & Young (77)]. 

The idea that the portion of the nerve cell membrane covered by synaptic 
knobs remains passive during invasion of an antidromic impulse originated 
with Grundfest (78) who developed the concept that a chemically excitable 
membrane is electrically inexcitable. At present there is no reason to be- 
lieve that the cell surface covered by glia cells is electrically inexcitable. If 
one does not restrict the term ‘‘excitability”’ to apply only to production of 
all-or-none responses, the glia cells are electrically excitable [Hild e¢ al. 
(79); Tasaki & Chang (80)]. Nerve fibers immersed in isotonic potassium 
chloride solution are electrically excitable (see Fig. 2). Rigorously speaking, 
it seems impossible with current techniques to prove or disprove Grundfest’s 
concept of electrical inexcitability of the chemically excitable membrane, 
because it has not yet been possible to localize the stimulating electric cur- 
rent to a synaptic membrane. 

In conclusion, it is difficult to determine what part of the nerve cell 
membrane remains passive during the spike. The safe deduction from the 
existence of A and B components in the response recorded from inside an 
optically inaccessible nerve cell is that the nerve cell membrane physio- 
logically is non-uniform, that is to say, some part is more excitable than 
other parts. 


ELECTRICAL vs. CHEMICAL TRANSMISSION ACROSS SYNAPSES 


In the 1930’s and earlier, there was a vig »rous controversy in this country 
as to whether impulse transmission across synapses and myoneural junctions 
is chemical or electrical. Some of these arguments may be found in the pro- 
ceedings of a symposium on the synapse held in 1939 with some of the most 
eminent neurophysiologists of our time, Gasser, Erlanger, Lorente de N6, 
Forbes, and Bronk, as the participants. The state of affairs at that time can 
best be illustrated by quoting a paragraph in Forbes’ (81, p. 469) article 
which reads: 


So goes the controversy. Dale remarked that it was unreasonable to suppose 
nature would provide for the liberation in the ganglion of acetylcholine, the most 
powerful known stimulant of ganglion cells, for the purpose of fooling physiologists. 
To this Monnier replied that it was likewise unreasonable to suppose action poten- 
tials would be delivered at the synapses with voltages apparently adequate for excit- 
ing ganglion cells merely to fool physiologists. 
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Since then the arguments have subsided, and the supporters of the 
electrical theory have progressively lost ground so that the chemical theory 
is now generally accepted. Interim reviews by the most active investigators 
in the field [Kuffler (82, 83); Eccles (84, 71); Fessard & Posternak (85); 
Rosenblueth (86); and others] have presented this transition in such a man- 
ner that the general scientific public was convinced. The main body of evi- 
dence for the theory was obtained by analyses of the junctional potential, 
an example of which is the endplate potential discovered by Schafer & 
Gépfert (87) in 1937. 

The trend to support the chemical theory of synaptic transmission was 
quite apparent in the publications which appeared in the last year. For 
example, Curtis & R. M. Eccles (88, 89) presented evidence confirming the 
cholinergic nature of transmission between motor axon collaterals and 
Renshaw cells. This evidence was obtained by passing drugs electrophoreti- 
cally from one pipette of a multibarrel pipette assembly. The responses of 
the cell were monitored extracellularly with one of the pipettes. Curtis & 
J. C. Eccles (90) estimated the duration of action of the chemical mediator 
upon the cat motoneuron. They concluded that this action was shorter than 
that of the time constant of the motoneuron membrane and that, conse- 
quently, the falling phase of the excitatory and inhibitory synaptic potential 
was very close to the exponential decay of the passively charged motoneuron 
membrane. Hagiwara and his collaborators (49, 48) and Takeuchi & Take- 
uchi (91) measured the time course of the ‘‘synaptic current” by the use of 
the voltage clamp technique. 

The generally accepted picture of the mechanism of synaptic transmis- 
sion appears to be as follows. The protoplasm of the postsynaptic element is 
electrically separated from the axoplasm of the presynaptic element by two 
insulating layers of the plasma membrances and by a thin layer of the con- 
ducting medium between the two [cf. Curtis & Eccles (90); Hagiwara & 
Tasaki (49)]. The action potential in the presynaptic element releases the 
chemical mediator into the space between the two plasma membranes. The 
mediator is probably carried by the secretory vesicles found in the vicinity of 
the presynaptic membrane. Probably the mediator is released nonuniformly 
in the synaptic surface [Fatt & Katz (92); Palay (93)]. The secretion of the 
mediator changes the emf. and the resistance of the postsynaptic membrane 
in a characteristic manner. , 

The effective emf. of the active synaptic membrane can be estimated by 
passing constant current into the postsynaptic element to shift the resting po- 
tential and by ascertaining the potential level for reversal of the synaptic 
potential. Because of the difference in the emf. between the nonsynaptic sur- 
face of the cell and the active portion of the synaptic membrane, there is a 
transient current between the two areas. The synaptic current just men- 
tioned can be measured by determining the current necessary to keep the 
potential of the postsynaptic element at a constant level during synaptic 
activation. 
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The synaptic current is considered to be the tool nature invented for 
interaction (excitatory and inhibitory) between different parts of the nerve 
cell membrane. If the synaptic current is inward-directed through the 
synaptic surface, the potential across the nonsynaptic area is raised and, 
when the potential rise is large enough, an impulse is initiated. If the syn- 
aptic current is outward-directed, the initiation of impulses may be inhibited. 
In the neuromuscular junction, excitatory or inhibitory junctional potentials 
are followed by initiation or inhibition of muscular contraction. Compli- 
cated mechanisms operating in this step were discussed recently by Hoyle & 
Wiersma (94, 95) who worked on crustacean muscle and by Krnjevi¢é & 
Miledi (96) who investigated the rat myoneural junction. 

In spite of general acceptance of the chemical mechanism operating at 
synapses, strong evidence was published this year in support of the electrical 
theory in an axo-axonal synapse of the crayfish [Furshpan & Potter (97)]. 
According to Robertson (98) this crayfish synapse has a structure similar to 
that of the squid synapse investigated by Hagiwara and his co-workers (49, 
99). The difference between the physiological properties in these two kinds 
of invertebrate synapses is striking. In the squid synapse there is no spread 
of electrotonic potential across the synaptic junction, while in the crayfish 
synapse the pre- and postsynaptic axons are separated by a set of mem- 
branes which permit a flow of electric current only in one direction. Because 
of this rectifying action, propagation of impulses in the crayfish synapse is 
unidirectional. In the squid synapse, unidirectional propagation results 
because only the presynaptic axon secretes the “transmitter substance’. 
Bryant (100) showed in this connection that the proximal synapse in the 
squid stellate ganglion also has to be regarded as a chemically operating 
synapse. 

It seems to the present reviewers that at least one of these groups of 
investigators is making a serious mistake in its studies on the invertebrate 
synapses. If a more detailed study of the morphology of these synapses re- 
veals a significant difference between the two kinds of invertebrate synapses, 
the problem would be more or less settled. Alternatively, if one assumes that 
the spread of electrotonic potential across the squid synapse was not de- 
tected because of a strong attenuation along the small protoplasmic pro- 
cesses, one may question the validity of the hypothesis of chemical trans- 
mission in the squid synapse. Finally, if one assumes that the imperfection 
of insulation across the crayfish synapse is caused by the injury of the syn- 
aptic surface of the postsynaptic axon, the actuality of electrical transmis- 
sion in vivo may be questioned. 


EFFECTS OF PHYSICAL AND CHEMICAL AGENTS 


Studies of the effects of these agents upon the cells of the nervous sys- 
tem may provide an insight into the nature or properties of the process of 
excitation and, in addition, information useful in the fields of environmental 
physiology and pharmacology. 
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Hydrostatic pressure—During the last year experiments appeared on the 
effects of hydrostatic pressure on nerve trunks [Gershfeld & Shanes (101)]. 
The effects upon the electrophysiological properties confirm previous ex- 
periments by Grundfest (102). The effects of pressure on the sodium and 
potassium contents of nerve are of interest. The finding that pressure po- 
tentiates narcosis is contradictory to results from single fiber work [Spyro- 
poulos (103)] as well as from work on other biological systems. 

Osmotic pressure—Mueller (104) showed that in hypertonic solutions 
the response of the node of Ranvier is extremely prolonged; this is actually 
a confirmation of previous work [Tasaki (105); Liittgau (106); and Stampfli 
(107)]. 

Temperature.—Sjodin & Mullins (108) reported that a combination of a 
narcotic such as xylene or benzene and low temperature may result in repeti- 
tive firing in the squid giant axon while neither low temperature nor the 
blocking agent alone induces such firing. This phenomenon was observed 
previously using another narcotic, alcohol [Tasaki & Spyropoulos (109)]. 
Sjodin & Mullins explained their results in terms of an increase in the ap- 
parent inductance of the membrane. It is difficult for the present reviewers 
to visualize the concept of membrane inductance. 

Arshavskii (110) reports biphasic changes in the resting potential of 
nerve trunks in response to cooling; slight cooling increased this potential; 
marked cooling decreased it. Application of iodoacetate eliminated the first 
phase. This author employed the demarcation potential as an index of resting 
potential. This observation should be repeated with single-node preparations 
by the more direct method. 

Irradiation —Bachofer & Gantereaux (111), using lobster axons and 
external recording, report a period of increased excitability after x-ray ir- 
radiation, followed by a period of decreased excitability. The finding of 
increased excitability would be more convincing had there been some indi- 
cation that increased temperature and desiccation incident to irradiation 
had been controlled or had the response been recorded intracellularly. An 
increase in the external resistance may affect such properties as the thres- 
hold and conduction velocity in the direction indicated. Similar results are 
reported by Kirzon & Pshennikova (112) for frog nerve. They noticed, upon 
irradiating a segment of nerve, that excitability changes occurred as far as 
25 mm. away. It appears to us that these changes can be interpreted in terms 
of the injury current from the site of irradiation and the subsequent degen- 
eration of the nerve fibers; however, these authors explained their results by 
assuming a special ‘‘non-impulse effect’”’ spreading along the nerve. Tasaki 
demonstrated (unpublished observation) that irradiation by y-rays pro- 
gressively reduced the response of a node of Ranvier. 

Asphyxia.—Kolmodin & Skoglund (113) reported that the membrane 
potential of moto- and interneurons was affected by asphyxia in two steps, 
gradual and rapid. It was pointed out by one of our colleagues in this labora- 
tory (Dr. K. Frank) that the rapid depolarization observed by Kolmodin & 
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Skoglund could be caused by dislocation of the recording microelectrode 
because of the fall in the blood pressure. 

Oxygen and carbon dioxide.—Arvanitaki, Chalazonitis & Sugaya (52, 114) 
described a dependence upon oxygen of the electrical responses of the 
Aplysia cell body and of the photoactivation process of excitable tissues. 
They also reported that carbon dioxide at certain concentrations caused 
repetitive firing of impulses in A plysia cells. 

Oxidizing agents.—The effects of intracellular and extracellular applica- 
tions of oxidizing agents were studied upon the action potential, the resting 
potential, the threshold, the membrane impedance during activity, and the 
voltage clamp characteristics of the giant axon of Loligo pealii [Spyropoulos 
et al. (115)]. Application of some oxidizing agents with redox potentials 
greater than about +0.5 v. resulted in a reduction of the resting potential 
and repetitive activity. The effective concentration was approximately 1 to 
3-10-* M. A large number of oxidizing agents with an Ep <+0.5 v. were 
not effective even when their concentration in some instances was increased 
to 10 or 107 M. 

Phospholipases—Work by Tobias (116) on lobster axons showed that 
disruption of membrane phospholipids by phospholipases results in loss of 
excitability. Recently these experiments were extended and the results con- 
firmed by Tobias (117) who used the lobster and squid giant axon and by 
Nelson (118) who used the node of Ranvier. These experiments are possibly 
related to previous observations of inexcitability resulting from application 
of saponin and other detergents to the node and the internode [e.g., Tasaki 
(119)]. 

Neopyrithiamine.—Von Muralt (5) reports that application of the thia- 
mine antagonist neopyrithiamine at 3-10~? M blocks conduction and at 
3-10-* M results in slight prolongation of the response of the node. He 
related this result to the hypothesis that thiamine plays an important role 
in nervous activity. It appears to us that the effective concentration of 
neopyrithiamine is somewhat too high to regard it as specific. 

SH inhibitors and metal ions.—Strong SH inhibitors, such as p-chloro- 
mercuribenzoic acid and n-ethylmaleimide, were shown to block conduction 
in the frog nerve trunk and in lobster axons [Smith (120)]. It was shown that 
p-chloromercuribenzoic acid prevents prolongation (or plateau formation) 
of the frog nerve fiber responses by divalent metal ions, such as cobalt and 
nickel [Takahashi, Murai & Sasaki (121)]. Remarkable prolongation of the 
electric response of the toad nerve fiber by nickel or cobalt ions was also 
described independently [Spyropoulos, Brady & Tasaki (122, 123)]. It is 
known that p-chloromercuribenzoic acid does not influence the action po- 
tential of the squid giant axon when injected into the axoplasm [Grundfest & 
Kao (124); Brady et al. (122)]. 

Gamma-amino-n-butyric acid (GABA).—The experiments on y-amino- 
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n-butyric acid have been reviewed recently by Elliott & Jasper (125). Pos- 
sibly the only addition that need be made is the full publication of the work 
of Curtis, Phillis & Watkins (126), who, by showing that y-amino-n-butyric 
acid is a non-specific depressant of the whole surface membrane of the 
neuron, seem to have strengthened the view that GABA is not an inhibitory 
transmitter for motoneurons. 

Agents involved in the acetylcholine system.—Close arterial injections of 
acetylcholine and nicotine were made into regenerating nerves of rabbits 
{Diamond (127)]. The injection of these chemicals into the region of regen- 
erating sural nerve endings always elicited a burst of impulses which out- 
lasted the injection by many seconds. The effects of acetylcholine were 
potentiated by eserine and blocked by hexamethonium. It was concluded 
that the ends of regenerating receptor nerves resemble normal receptor 
nerve terminals pharmacologically. The injection of acetylcholine into nor- 
mal popliteal nerves failed to elicit impulses detectable in the ventral roots. 

One of the major objections to the intimate involvement of acetylcholine 
in excitation and conduction in normal nerve has been the observation that 
such quaternary ammonium ions as acetylcholine and curare were without 
effects. This fact has been explained by the proponents of the acetylcholine 
hypothesis as being ascribable to their inability to penetrate the axonal 
surface (from within or without), as they are lipid insoluble. During the last 
year two groups of investigators have presented what they regard as evi- 
dence for this view. Nachmansohn and his co-workers [e.g. (128)] synthe- 
sized lipid-soluble quarternary ammonium compounds which were found to 
block excitation in reasonably low concentrations. We feel that this work 
would be more convincing had there appeared in the published literature 
the results of an experiment indicating that the effect of the detergent group 
attached to the quarternary compound (to achieve lipid insolubility) had 
been controlled. 

Similar reasoning prompted Walsh & Deal (129) to apply a detergent to 
the nerve and wait until the action potential was considerably reduced. The 
application of about 0.1 J solution of acetylcholine chloride to the region 
sensitized by the detergent brought about conduction block. The high con- 
centration of acetylcholine used by these authors indicates, at least to our 
minds, that the observed effect of acetylcholine is not specific. Since this 
concentration is close to isotonic, the authors should have indicated whether 
they controlled the effects of hypertonicity or, if the solutions were made in 
the absence of sodium, the effect of sodium lack. 

It is interesting to note that the intracellular injection of acetylcholine 
(10 mJ), eserine sulphate, di-isopropylphosphofluoridate, cholinesterase, 
phosphotransacetylase in combination with potassium arsenate, and apyrase 
had no effect upon the process of action potential production in the squid 

giant axon [Brady et al. (122)]. That such compounds are not confronted with 
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barriers is indicated by the finding that scores of other injected chemicals 
(one of which is a lipid-insoluble quarternary ammonium compound, tetra- 
ethylammonium) did have an effect. 


OTHER DEVELOPMENTS 


Structure and composition of nerve fibers—Notable aspects of the work in 
this field appear in a continuation of the experiments on the morphology and 
mode of development of the cellular envelopes of nerve cells [Schmitt (130, 
131)]. Equally interesting are the continued attempts to compare the chem- 
istry of the axonal surface with that of the axoplasm [Schmitt (131)]. Ochs & 
Burger (132) traced the movement of substance along peripheral nerves by 
injecting radioactive phosphorus into the spinal cord of the cat. The result is 
consistent with the old idea that there is a continuous flow of matter in the 
proximodistal direction within the axis-cylinder [e.g., Weiss & Hiscoe (133)]. 

Schmitt (134) has explored the advantages of using giant axons of the 
Chilean squid. These axons appear to be greater in diameter (more than 
1 mm.) and length than the hitherto used squid axons. 

Possibly the most noteworthy contribution in this particular field is the 
study by Caldwell (135) of the axoplasmic pH, using glass electrodes. He 
found that the distribution of hydrogen across the membrane is not governed 
by the Donnan potential. He also confirmed observations by Arvanitaki & 
Chalazonitis (136, 137) that a moderate change in outside pH does not ma- 
terially affect the inside pH unless the former is brought about by carbon 
dioxide enrichment. Caldwell also claimed that the axoplasmic pH varied 
from fiber to fiber (from pH 6.7 to 7.3). Independently and using the same 
method, we have obtained no scatter of values; in all normal fibers we find a 
pH of 7.35 +0.1. 

Leakage of current through myelin sheath and saltatory conduction—The 
capacity of the myelin sheath of the large motor fiber of the toad is about 
1.5 puF/mm., its resistance to radial current is about 300 megohm: mm., the 
time constant thus being about 0.5 msec. [Tasaki (61)]. The fact that the 
internodal conduction time (about 0.1 msec.) is much shorter than the time 
constant of the myelin sheath imposes a strict limitation on the concept of 
“saltatory”’ conduction. Although this point has been stressed previously 
{Hodler, Stimpfli & Tasaki (138)], there still seems to be a widespread mis- 
understanding here. We stress again that the internode is not a simple con- 
ductor of electricity along which a signal can travel at the velocity of light. 
That is to say, the major portion of the delay in internodal conduction time 
is actually caused by electrotonic spread of the potential wave along the 
internode. 

The current that leaks through the myelin sheath when an impulse travels 
along the fiber is diphasic. This diphasicity stems from the fact that the time 
constant of the myelin sheath is comparable to the duration of the action 
potential produced at the nodes. It was suggested recently that this diphas- 
icity could be taken as a sign of physiological activity in the internode 
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[Konishi (139)]. Since, however, the resistance of the myelin sheath measured 
by the method of tripolar stimulation and by the test shock method agrees 
with the value obtained from the measurement of the leakage current during 
activity of the nodes, it is not possible to regard the diphasicity as a sign of 
physiological response in the internode. 

In a recent paper, Lorente de N6 & Condouris (140) emphasized that 
when a nerve impulse travels from a normal region of nerve to a narcotized 
region its size undergoes a ‘‘decrement’’. Their argument is quite correct 
insofar as the “‘size’’ of a nerve impulse is defined according to the magnitude 
of variation of the membrane potential. If one uses brief stimulating shocks, 
the response of a node immersed in a narcotic barely sufficient to block con- 
duction is still roughly all-or-none [Tasaki (119)]. Even under these condi- 
tions, the membrane potential should be a continuous function of the dis- 
tance along the fiber. In our minds, the existence of a “‘transitional decre- 
ment” [Davis et al. (141)] is well established and does not conflict with the 
concept of saltatory conduction. 

Subthreshold responses.—Previously, del Castillo & Suckling (142) men- 
tioned that the subthreshold response of a single node grows stepwise when 
the stimulus intensity is increased smoothly. Recently, Liittgau (143) made 
a somewhat similar observation. Subsequently, Tasaki attempted to repro- 
duce these observations on the toad single-node preparation without success. 
This failure does not mean that we do not regard the concept of quantal 
nature of subthreshold activity as valid. 

In a fresh single-node preparation a subthreshold response represents 
only a variable delay in the rate of potential fall following the end of the 
stimulating pulse. Whenever the potential of the node starts to rise after the 
end of the applied shock, there is a full-sized response (the size of which may 
vary slightly with the latency). There was no sign of discontinuous variations 
in the rate of potential fall in such preparations. Attempts were also made to 
detect such variations in poor preparations, the action potential of which was 
60 to 70 mv., but a superposed record of many oscillograph sweeps at sub- 
threshold stimulus intensities gave a continuous picture. 

With a 40-megohm resistor connected to the input the noise level of our 
recording system was, as expected from the thermal noise in a conductor, of 
the order of 300 pv. In these experiments, this noise level imposed a limit on 
the size of a discontinuity observable under these conditions. Recently evi- 
dence was presented that under voltage clamp the squid axon membrane 
may respond in a quantal manner [Spyropoulos (144)]: as the level of de- 
polarization was changed, patches of membrane became active and these 
different patches were usually of approximately the same size. 

Models of excitation—Currently there are two well-known models of the 
excitable process. One, an electrochemical model, consists of a metal in con- 
tact with an oxidizing agent. The other, a physical model, consists of a mem- 
brane interposed between two solutions of different hydrostatic pressure. 
The metal system was suggested as a model of excitation by Ostwald near the 
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turn of the century [Heathcote (145, 146)]. The outstanding contemporary 
authority on this system is Franck (147). The physical model was discovered 
by Teorell (148, 149). 

Both of these models show a great number of similarities to the excitable 
process in living matter. There is hardly any aspect of the excitable process 
that has not been reproduced in these systems. These include threshold 
phenomena, abolition, and voltage clamp properties. Of particular interest is 
the demonstration that the existence of ‘‘two stable states’’ is a property not 
only of biological excitation systems but also of a physical and a chemical 
one. The two-stable-state concept was advanced for biological systems with- 
out carrying any commitment as to its particular nature [Tasaki (150)]. The 
work on the electrokinetic model included experiments which parallelled 
experiments on Nitella and stressed the need for a revaluation of the concept 
of membrane capacitance [Teorell (151)]. 

There is a widespread reticence to accept work on the models as useful in 
electrophysiological research. This scepticism stems from the tendency to 
focus upon the composition and geometry of the model and compare them to 
the composition and geometry of living systems. In our minds, a model 
simply demonstrates the physical feasibility of a proposed process. 
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SOMATIC FUNCTIONS OF THE NERVOUS SYSTEM! 


By J. P. SEGuNDo AND C. GALEANO? 
Departmento de Electrobiologia, Instituto de Ciencias Biolégicas, 
Montevideo, Uruguay* 


. . no hay cuestiones agotadas; sino hombres agotados en las cuestiones.’’ 
Ramén y Cajal (293) 


The purpose of annual reviews lies in making available to specialists a 
reasoned guide to recent literature. Bibliographical quests are usually moti- 
vated by interests centered upon anatomical entities, functional aspects, 
authors and techniques; accordingly (and apart from the first portion on 
books, etc.) this text was divided into sections devoted to individual phys- 
iological manifestations, topographical units, or experimental procedures. 


BOOKS AND ARTICLES OF GENERAL INTEREST 


The intellectually stimulating effect of meetings planned around a gen- 
eral theme but allowing for interdisciplinary and individual approach is 
usually preserved and even multiplied by publication of papers and com- 
ments by speakers in book form; this has been the case in outstanding vol- 
umes such as Biological and Biochemical Bases of Behaviour, Henry Ford 
International Symposium on Reticular Formation of the Brain, Ciba Founda- 
tion Symposium on the Neurological Basis of the Mind, individual chapters 
of which will be referred in opportune places (162, 186, 317, 363). Other 
available books were also worthy of notice. In The Waking Brain, Magoun 
has lucidly and succinctly outlined fundamental notions and present status 
in each of the research avenues that issued from initial, basic, and fertile 
investigations of brainstem physiology (236). A revised edition of Phys- 
iologie du systéme nerveux central by Morin is clear and up-to-date, and it is 
an excellent textbook (254). 

A number of articles covered facts and discussed questions pertaining to 
general mechanisms involved in central nervous system function or to its 
operation as a whole. The present situation in the basic neurological sciences 
was adequately summarized by Eccles (109): investigation of properties of 


1 The survey of literature pertaining to this review was concluded July 1, 1959. 
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4“ |. there are no exhausted topics; only scientists who have become exhausted 
dealing with them.” The first part of the aphorism by Ramén y Cajal (293) is true, 
topics are veritably inexhaustible; as to the second part and though scientists no 
doubt may become fatigued, it apparently does not come to pass very often. Hence, 
on both accounts the burden on reviewers yearly becomes heavier. 
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single neurons, interactions, and phenomenological aspects rests on well 
established principles; progress in this respect will, no doubt, continue. 
Functionally, neurons have been conceived as having an afferent dendritic 
pole, operating through graded potentials, and an efferent axonic pole, all- 
or-nothing in its response (39); types of generation, conduction, and trans- 
mission of nerve impulses in receptors, peripheral nerves, and central struc- 
tures were briefly reviewed by Fuortes (131). 

Development and plasticity of the central nervous system, on the other 
hand, offer important and perplexing questions the answers to which do not 
always appear within the range of present day techniques (109). In this 
respect, one can but express with Bullock (65) faith that there remain to be 
discovered new physiological procedures and principles that will gradually 
eliminate gaps in our understanding of behavior and nervous function. The 
central nervous system of vertebrates is extremely complex and therefore 
not suitable for simple technical approaches and schematic theoretical in- 
terpretations. Research performed upon neural structures of invertebrates— 
capable of reacting along the same basic lines as higher forms—poses simpler 
problems, methodological and doctrinary; the benefit of this type of work 
becomes apparent from papers by Bullock (65) and Richard (296). The 
former has made a successful effort to merge knowledge concerning inte- 
gration at the unitary level; general parameters (sensitivity, responsiveness) 
and their degrees of freedom (excitation or inhibition, ‘‘spontaneity”’, etc.) 
were discussed and illustrated with well-chosen instances derived from ex- 
periments performed upon lobster heart ganglia (66). Arvanitaki (17) was 
surprised at finding marked capacity for subtle adjustments over wide 
ranges in structures as rudimentary as visceral ganglia of Aplysia faciata. 

The extreme degree of complexity that may be achieved in reactions 
mediated by the vertebrate neuroaxis can be conceived without difficulty if, 
to the more commonplace comments on number of neurons, complexity of 
axosomatic and axodendritic connections, and variability of possible active 
and inactive groups, we add the very probable eventualities that (a) nerve 
cell activity may be both transsynaptically evoked and ‘‘spontaneous” (not 
transsynaptically evoked); and (b) neuronal interplay may be mediated 
either by way of spikes and terminal synapses or by other activity patterns 
and contacts (66, 121). 

Though the following efforts are more related to higher than to somatic 
function of the nervous system, their mention and recommendation cannot 
be omitted here since they cover and discuss data pertinent to participation 
of different areas and basic physiological mechanisms in sensory, emotional, 
and learned activities (38, 49, 50, 61, 80, 82, 101, 154, 220, 250, 270, 271, 274, 
275, 297), to recovery of function after ablation (249, 318), or to chemical 
processes within the brain (29, 300, 342). 


AFFERENT SYSTEMS 


Activity in central neurons is determined, supported, and controlled by 
different influences but none more unanimously accepted and precisely 
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analyzed than that initiated by receptor activation. The importance of 
sensory bombardment in maintenance of adequate nervous activity was 
confirmed in student volunteers placed in conditions in which environmental 
stimuli were reduced to a minimum; though no impairment of intelligence 
occurred, subjects thus isolated exhibited clear-cut perturbations such as 
feelings of decreased efficiency, affective and time-sense disturbances, and 
increased imagery both visual and auditory (139). Hyperactivity of monkeys 
with bilateral prefrontal lobe lesions was also related with environmental 
conditions such as the total sensory input and intensity of visual stimula- 
tion (181). 

When a sensory stimulus is applied, a wave of activity is evoked along 
primary specific pathways; it courses from receptors, through at least three 
neurons to the cortex. These pathways (dealt with below) have been pre- 
cisely defined by previous work both anatomically and physiologically and 
are known to remain operant even under markedly depressed conditions 
(anesthesia, hypothermia, etc.). When studies are carried out in chloralosed 
or unanesthetized preparations (with or without curare), distribution of sen- 
sory responses assumes a far less restricted type. Other areas of the central 
nervous system also react and, usually, responsiveness of each of these 
structures in toto and of each of their component parts (or units) in particular 
involves excitation of different portions of the receptor field. We are not as 
yet in a position to define the participation of these ‘“‘polysensory systems”’ 
(dealt with in a subsequent section) in sensory physiology or to indicate in 
which of the many consequences of stimulation each of these systems is 
implicated. They exhibit, however, features (widespread distribution, con- 
vergence, interaction, and susceptibility of responses) which, complemented 
by those observed in primary systems, seem necessary to a better under- 
standing of the neurophysiological basis of sensation. 


SPECIFIC SYSTEMS 


Vision—A volume reporting on the National Institutes of Health 
Symposium on Electrophysiology of the Visual System contains important 
contributions to basic ophthalmologic literature (132). 

Various types of photoreceptors have been studied in invertebrates. 
Spectral sensitivities of dorsal ocelli were found at about 500 my for cock- 
roaches and 340 to 490 my for worker honeybees (142). Peculiar slow-adapt- 
ing photoreceptors were encountered in crayfish which probably serve to 
provide a constant record of stimulus intensity (196). The following ob- 
servations were performed in the eye of Limulus. (a) Electrical excitation of 
the eye itself determined optic nerve discharge by way of two mechanisms, 
one similar to axonal responses (initiated at eccentric cell axons) and one 
similar to synaptic potentials (initiated at eccentric cell bodies or distal 
processes) (223). (b) Inhibitory influences were exerted mutually among 
receptor units (163). (c) Lateral inhibition repolarized the nerve fiber mem- 
brane at its origin, thus competing with illumination that provoked depolari- 
zation (339). (d) Intracellular records indicated that cells responded to 








436 SEGUNDO AND GALEANO 


illumination (or to direct current excitation) by depolarization associated 
with repetitive spikes; magnitude of former and frequency of latter were 
proportional to the logarithm of light intensity (or to current intensity 
values); spike amplitudes decreased with increasing frequencies firing 
(either on account of lateral inhibition or of depressant effects of sustained 
depolarization) (130). 

An interesting hypothetical retinal model was presented by Watanabe & 
Tosaka (354). Covering their own data plus information from various dis- 
ciplines, Svaetichin & MacNichol reviewed possible retinal mechanisms for 
chromatic and achromatic vision (331). Emphasis was laid on useful simi- 
larities between teleost and human vision, on the possibility that graded 
photopic responses (reflecting cone activity) were composed of excitatory 
and inhibitory potentials, and on the feasibility of separate luminosity 
mechanisms in man. A novel interpretation of responses recorded with 
microelectrodes in fish retina was proposed: L responses (which occurred in 
all species tested and arose in outer plexiform horizontal cell layers) were 
attributed to postsynaptic excitatory potentials; R-G and Y-B responses 
(which occurred in certain species and arose in inner nuclear layers), to post- 
synaptic excitatory or inhibitory potentials derived from pairs of cones ex- 
hibiting different spectral sensitivities (233). Two phenomena may be in- 
volved in production of so-called ‘‘cone potentials’, a true cone response and 
a manifestation of horizontal cell activity (273, 340, 354). Grundfest has 
suggested that retinal receptive elements may activate neural structures by 
releasing a secretory agent (157). Unitary records from inner nuclear retinal 
layers (unopened cat eyes) indicated that enhancement and inhibition of 
discharge were associated with de- and hyperpolarization, respectively; 
spotlike stimuli acting on the central portion of the field induced pure in- 
hibitory ‘‘on” and ‘‘off’’ responses, which are different from activity evoked 
currently (62). 

Useful data have issued from application of current electroretinographic 
techniques. Electrical responses to light appeared on the eighteenth incuba- 
tion day in the chick embryo (135); in adult chickens, retinal spectral sensi- 
tivity curves adequately fitted the theoretical curves obtained from pigment 
absorption spectra (16). Data obtained by recording from the anterior sur- 
face of the toad retina indicated that two processes are involved in responses 
to light: an early one revealed by threshold intensity stimuli and manifested 
by a surface negative (perhaps ‘‘generator’’) potential associated with gang- 
lion cell discharge; a late one, evoked with suprathreshold intensities and 
manifested by large positive components and associated with interruption 
of ganglion cell activity. The possible relationship of these processes to 
waves of amphibian ERG was discussed (144). Forbes et al. (125) showed that 
illumination shifts determined responses in fresh-water turtle retina and 
discussed receptor types. Study of recovery in dark shown in rabbit electro- 
retinograms led Elenius (118) to emphasize the presence of intraretinal 
systemic interactions, such as the suppression of rod function by activated 
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cones. A phenomenon similar to ‘“‘cortical spreading depression’’ of Leio 
was described in toad retina (143). The physiological basis of flicker electro- 
retinography was reviewed by Granit (148). 

The importance of temporal periodicities, as manifested by spontaneous 
rhythms, excitability cycles, etc. in primary visual and other sensory pro- 
jection systems, was stressed by Marshall (240). Potentials evoked by 
repetitive photic stimuli occurred in numerous cortical and subcortical 
structures in free, unanesthetized animals and exhibited frequency compo- 
nents related to those of the stimulus (138). Numerous interesting facts were 
encountered by averaging electrographic responses evoked by flashes; for 
example, secondary cortical responses were absent in certain cortical areas 
and in the lateral geniculate [see also Doty (104)] and collicular potentials 
were resistant to barbiturates (53, 104). Hypothermia produced progressive 
and reversible decrease in responsiveness of primary visual pathways (87). 
Comparison of spectral sensitivities of the retina and of the optic tectum in 
chickens indicated that both responses preserved a certain independence, 
though they were closely associated (16). In cats under the influence of 
chloralosane and urethane, optic tract unitary responses were either (a) 
sensitive to intensity, (b) not sensitive to intensity, or (c) mixed, exhibiting 
reactions of types a and b (214). Lateral geniculate stratification was found 
complicated by concealed lamination and arrival of fibers from homo- and 
contralateral retinas or both (164). Discharge of ortho- or antidromic spikes 
by lateral geniculate neurons was followed by a prolonged positivity that 
could be modified by repetitive or adequately spaced double shocks; after- 
positivity, during which spike thresholds were augmented, can be inter- 
preted as a result either of cell body hyperpolarization or of an inhibitory 
postsynaptic potential similar to that produced by spinal Renshaw cells 
(346). Visual field study of patients with temporal lobectomy suggested 
interesting considerations concerning architecture of the optic radiations 
(67). 

Doty (104) studied cortical potentials photically evoked in cats under 
pentobarbital and, failing to confirm a precise retinocortical point-to-point 
correlation, concluded that a more elaborate functional relationship must 
be sought for; analysis of responses to direct cortical excitation reinforced 
this assumption by suggesting that point-to-point localization could be 
accounted for only in terms of cortical foci exhibiting greater density of 
afferent branches from certain retinal origins (104, 272). In cats with chroni- 
cally implanted electrodes, cortical visual units exhibited different ‘‘spon- 
taneous” activity patterns and reacted either to (a) diffuse illumination 
(‘‘on’’, ‘‘off’’, ‘‘on—-off’’), (b) localized illumination (‘‘on’’, ‘‘off’’), or (c) dis- 
placement of a bright spot to (or from) a critical restricted zone (171). Well 
co-ordinated convergence and interaction (excitatory, inhibitory) of specific 
and nonspecific thalamocortical impulses were encountered in visual cortical 
neurons (192). 

Audition.—A number of efforts have been devoted to the study of various 
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aspects, such as production, description, diet or drug effects, and brain 
chemistry, of peculiar sound-provoked conditions, such as audiogenic seiz- 
ures and catatonia (269, 327 to 329, 332). A clear summary of neural audi- 
tory mechanisms was published by Galambos (134). Electron microscope 
studies of vibration-sensitive neuromasts of fish (Cnesterodon decemmaculatus) 
showed receptor cells to be in contact, by distal pole (exhibiting cilia and 
microvilli), with the external milieu and, by proximal pole, with nervous 
endings that invaginated deeply into the receptor (344). 

During application of continuous tones, a negative ‘‘summating”’ poten- 
tial shift appeared in the medial and vestibular scala as a result of which 
they became less positive than the tympanic scala; this change exhibited a 
certain tonotopic localization, depended on integrity of internal hair cells, 
which could possibly act as mediator between mechanical detection of vibra- 
tion and energization of nerve terminals (95). Electrical polarization of the 
spiral organ (of Corti) modified the amplitude of microphonic potentials; 
an electric process could therefore be responsible for distortions provoked 
in the same potentials by high-intensity stimuli (212). ‘Clicks’ provoked 
generalized but not uniform activation of the cochlea; ‘‘pips’’ operated upon 
discrete regions (213). The resistance (600 to 4700 ohms) of the endolym- 
phatic space wall was modified by loud sounds (251). Direct-current resting 
potentials of millivolt order were present in the endolymph and did not cor- 
relate with its sodium or potassium contents (316). More direct evidence, 
obtained in guinea pigs lacking the spiral organ by recording from the sur- 
face of the stria vascularis, indicated that the stria vascularis itself was the 
source of endocochlear potentials (336). 

In a microelectrode study performed at different levels of the central 
auditory system, a sigmoid relationship was encountered between intensity 
of tone and frequency of unit discharge; the response area to a given tone 
was narrower and the rate of adaptation faster in more centrally placed 
structures (195). The separation of two components in the auditory cortical 
responses aroused by medial geniculate excitation suggested the existence 
of two types of connection (123). Thalamocortical auditory systems were 
explored anatomically and physiologically by Rose & Woolsey (299) who 
concluded that more than one thalamic group was involved and that audi- 
tory thalamic regions connected with nonauditory cortical areas. Though 
no cortical field appeared necessary for correct frequency discrimination, 
cortical function would be important in elaboration of finer discriminations 
(e.g., of sound patterns and directions) (268, 299). 

Olfaction and taste-—Activation of olfactory receptors produced negative 
mucosal electric variations; return to base line occurred in an initially rapid 
manner; response patterns depended on quality of excitation (232). A care- 
ful effort was made to correlate olfactory stimulation efficiency (as meas- 
ured by the magnitude of slow potential evoked on the olfactory mucosa) 
with physicochemical properties of odorous compounds; according to the 
author, no basic inferences could yet be drawn (280). Changing the anion 
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concentration of perfusion fluid altered toad tongue sensitivity to taste 
stimuli in a delayed and characteristic fashion: accordingly, the hypothesis 
was presented that passage of cations to the interior constituted the initial 
step in salt receptor activation (208). The thalamic relay in the specific 
sensory path which carries tactile, thermal, and gustatory impulses from the 
tongue was placed in medial part of nucleus centralis posteromedialis (13). 

Somesthesis.—In the lobster stretch receptor system and in response to 
physiological stimuli, the initial part of the afferent axon exhibited negative 
prepotentials (not present elsewhere) and early evidence of propagated im- 
pulses; hence, spikes appeared to commence precisely at that low-threshold 
area (114). Modifications provoked in activity of stretch receptors and of 
motor fibers in muscles subjected to sinusoidal elongations indicated that 
the former were responsive either to displacement (under 0.5 cm. per sec.) 
or velocity (over 3 cm. per sec.) (224). Consequences of administration of 
decamethonium and succinylcholine could conceivably result from drug 
effects exerted at the muscle spindle level (133). The function of length- and 
tension-sensitive muscle receptors was also analyzed in humans (326). 

Recent investigations suggested that generator potentials in pacinian 
corpuscles arose at functionally independent portions of the nonmyelinated 
nerve-ending membrane, probably as a result of sodium ion transport; the all- 
or-nothing nerve impulses would be generated, on the other hand, at the 
first node of Ranvier (102, 228). Lindblom (221) studied the functional 
organization of toad mechanoreceptors and deduced that: (a) skin receptive 
fields were irregular, exhibiting sensitive (receptor) points separated by 
insensitive regions; (b) thresholds involved displacements of 10 to 150 yu; 
(c) excitability cycles exhibited refractory intervals followed by hyperbolic 
recovery periods; (d) antidromic effects included graded threshold increases; 
(e) mutual inhibitory influences took place between different receptors of 
one unit. Either infrared or microwaves were adequate to study thermo- 
reception in man (347). 

Proprioceptive innervation of intrinsic tongue muscles had an arrange- 
ment different from that of other muscles: sensory fibers were not included 
in the same peripheral trunk with motor fibers (41). Conduction velocities 
in nerve fibers carrying impulses provoked by mechanical excitation of the 
skin increased progressively from periphery toward the center (333). Inter- 
play (e.g., suppression of alpha waves by maximal excitation of beta groups) 
between alpha and beta fibers in myelinated frog nerves was described (103). 
In afferent nerves from cat extremities, certain fibers were responsive both to 
cold and to mechanical physiological stimuli applied at the periphery, an 
arrangement which appeared to disagree with classical laws on specificity 
(361). Temperature-responsive fibers in cat skin were accelerated or slowed 
down by decrease or increase, respectively, of skin temperature; fibers re- 
sponding in the opposite manner were never encountered, suggesting that 
both cold and warmth may be signalled by one receptor system (44). A 
delay of 0.1-.15 msec. in conduction in posterior root ganglia was attributed 
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to an influence exerted by ganglionic neurons (231). Contrastingly, spinal 
ganglion cells did not appear to participate actively in conduction of afferent 
impulses in other experiments; their intracellular potentials exhibited three 
spikes S, NM, and M'‘ derived from cell body, nonmyelinated axon, and 
proximal node of Ranvier, respectively (182, 183). Application of single 
shocks to dorsal roots induced excitability changes in terminal arborizations 
of excited (and occasionally adjacent) skin afferent fibers (352). Such changes 
are pertinent to dorsal root reflex study and indicated interaction between 
neighboring arborizations, presumably not connected by terminal axoden- 
dritic or axosomatic synapses. Evidence, such as resetting by single addi- 
tional impulses of antidromic firing rhythms, suggested that repetitive anti- 
dromic discharge in dorsal root reflexes was generated at afferent (activated 
and adjacent) terminals; on the other hand, responsibility for iterative inter- 
neuronal discharge was placed outside the individual units, for instance, on 
synaptic bombardment (351). Dorsal root reflexes have been interpreted as 
generated either transsynaptically or by outward membrane currents in 
dorsal roots (244, 343). Carbon dioxide inhalation affected sensory-sensory 
reflexes, perhaps through modification of interneuronal activity (238). 

Excitation of muscle, joint, or skin nerves provoked characteristic com- 
pound discharge in various homo- and contralateral spinal cord regions, 
including the ventrolateral quadrants (279). In a thorough microelectrode 
study of unit activity in posterior column nuclei, Amassian & De Vito (7) 
indicated that the spikes encountered were either presynaptic (from pri- 
mary afferent fibers) or postsynaptic (relayed at spinal or nuclear level); 
transmission was mono- or polysynaptic (through axon collaterals); re- 
sponses caused by antidromic excitation of the lemniscus were described. 
Postsynaptic sensory units exhibited ‘“‘spontaneous” activity perhaps toni- 
cally maintained by centrifugal influences (160). Unit responses to jaw 
movements were encountered along the mesencephalic trigeminal nucleus 
and root and in the bulbar reticular formation (194). Various brainstem 
nuclei (nucleus oblongata centralis, ventralis, and interfascicularis hypo- 
glossi) responded to excitation of unmyelinated C fibers in peripheral nerves 
(89). 

Degeneration studies indicated that gracile and cuneate nuclei fibers 
terminated almost exclusively in the contralateral nucleus ventralis poste- 
rior of the thalamus (42). Whereas beta and gamma fibers activate well- 
defined areas in cortex and thalamus, thinner fibers are patterned differently 
and impulses carried by them are probably correlated at spinoreticular 
levels (168). 

Organization principles of sensory (and motor) areas of the cortex were 
reviewed by Woolsey (364). The tactile receiving areas of Cebus monkeys 
which possess a tail with moderate prehensile ability were mapped with the 
usual evoked potential technique and, except for minor differences such as 
an enlarged tail area, were similar to those of the macaque (170). In chlora- 
lose-treated cats, study of cortical potentials evoked by supramaximal 
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mechanical skin stimuli showed spatial fusion of somatic areas I and II 
(identification of each was still possible by measurement of latencies) and 
blocking interaction between responses elicited from widely separated skin 
regions; convergences were attributed basically to sharing of subcortical 
(probably thalamic) elements by different corticipetal pathways, but the 
possibility of corticocortical transfer could not be discarded (237, 260). Im- 
pulses carried by myelinated afferent nerve fibers had access to both homo- 
and contralateral cortical receiving-zones I and II; the powerful transmitter 
and amplifier action of afferent relays was stressed, especially in reference 
to fibers pertaining to the lower threshold groups (239). Further evidence for 
spatial convergence (with preservation of specific temporal patterns) in 
corticipetal sensory pathways derived from a communication by Nakahama 
(259). Localization and intensity features of peripheral stimuli were re- 
flected in temporal characteristics of cortical sensory cell discharge; this and 
other problems of unitary activity and responsiveness to digit excitation 
were analyzed by Towe & Amassian (341). Unitary responses of somatic 
sensory cortex were also explored by Asanuma (19) and Buser & Albe- 
Fessard. Cortical participation in learned discriminations was analyzed (278, 
324). Characteristics of position sense in the human shoulder were assessed 
by Cohen (85, 86). 

Vestibular.—Labyrinthine and visual mechanisms were considered funda- 
mental for correct spatial orientation in humans; information from other 
(including propioceptive) sources would participate mainly as “learned 
cues” (34 to 36). 

Pain.—The neural substrate for pain is probably complex. Discrete 
brainstem lesions modified the reactivity of cats to noxious stimuli, those of 
the spinothalamic tract or central gray matter provoking indifference, while 
those of the central tegmental fasciculus produced hyperresponsiveness 
(247). Difficulties in human experimentation were illustrated by McKenna 
(246). Perturbations in pain perception (threshold variations, sensory pain 
extinction) were encountered and analyzed in patients exhibiting various 
peripheral and central lesions (37). In humans, pain-producing stimuli were 
capable of spatial summation (155). Angelergues & Hécaen (11, 12) surveyed 
literature on pain with special emphasis upon data derived from clinical 
fields and pertinent to cortical participation. 
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POLYSENSORY SYSTEMS 


Central brainstem.—Potentials evoked in the central brainstem by sen- 
sory stimuli may follow different pathways through nucleus cervicalis lat- 
eralis or spinoreticular tracts and assume two forms: (a) “‘slow’’ diphasic 
potentials with wide peripheral field, thick afferent fibers, and extensive 
distribution in the tegmentum; (b) “synchronous” positive potentials with 
discrete peripheral field, gamma afferent fibers, restricted distribution in 
tegmentum, augmented by nociceptive stimuli. Most central brainstem 
potentials were abolished by anesthetics or hypothermia and enhanced by 
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chlorpromazine (53, 197, 277, 325). The presence of double responses in the 
centromedian nucleus and subthalamus suggested more than one afferent 
pathway (53). Learning modified the excitability cycle of reticular responses 
to ‘‘clicks’’ (69). Brainstem sensory potentials exhibited organization that 
enabled separation of definite thalamocortical sensory ‘“‘association’”’ sy- 
stems. Impulses arrive at thalamus via primary pathways; then some of them 
abandon specific sensory relays to reach association nuclei and, eventually, 
cortical association areas. According to the predominant modalities involved, 
it was possible to subdivide these systems topographically: the somesthetic 
portion including the centromedian nucleus (subject also to cortical con- 
trol); the visual portion including the pulvinar, lateralis posterior, and poste- 
rior nuclei; and the auditory portion including the lateralis posterior (medial 
part) and suprageniculate nuclei. Excitation of each of these areas elicited 
responses in cortical association areas (4, 47, 70, 71). Similar thalamic poten- 
tials were studied by Whitlock & Perl (358). A microelectrode study of 
reticular neurons showed restricted or widespread peripheral reception 
fields (perhaps corresponding to specific or nonspecific functions respec- 
tively), convergence, and occlusive interactions. Sensory stimuli dissimilar 
in intensity, localization, or modality evoked responses that differed signifi- 
cantly in probability of single or repetitive discharge, latency, number, and 
interspike intervals; temporal patterns thus complemented spatial distribu- 
tion in characterization of central states induced by sensory stimuli (8). 

Corpus striatum.—Units in the head of caudate nucleus responded to 
somatic stimuli originating in a vast peripheral zone (5). 

Cerebellum.—F lashes evoked cortical cerebellar responses exhibiting long 
latencies (only partially attributable to cerebellar delay) and noteworthy 
negative initial deflections (198). The cerebellar flocculus, nodulus, and uvula 
received projections from spinal and medial vestibular nuclei, as demon- 
strated by retrograde degeneration studies (57). 

Cerebral cortex.—Brief somatic, visual, or auditory stimuli evoked ‘‘asso- 
ciative” responses in anterior lateral and suprasylvian (anterior, posterior) 
gyri; on the basis of their longer latency, main positivity, and vulnerability 
to deleterious influences or brainstem excitation, these responses were clearly 
separable from primary waves. Depressant factors (e.g., barbiturates and 
hypothermia) or extreme degrees of EEG ‘‘arousal’’ and ‘“‘sleep” reduced 
“tassociative”’ responses; chloralose or moderate degrees of EEG “activation” 
enhanced them (4, 47, 70, 71). Betz pyramidal cells also were responsive to 
stimuli of different modality (19, 20, 216). 

Electrical excitation of human temporal, precentral, postcentral, and 
secondary sensory cortical areas provoked sensory responses which could be 
explained by temporal lobe connection with pulvinar and lateralis posterior 
thalamic nuclei (21). Complex effects obtained by temporal lobe stimulation 
in humans were reviewed by Penfield (285, 286). 

Rhinencephalon.—Arrival of different nonolfactory volleys to the limbic 
system was confirmed in the curarized marsupial phalanger; the hippo- 
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campus responded to visceral and somatic stimuli, the amygdaloid complex 
to somatic afferents (106). 


MECHANISMS OF SENSORY CONTROL 


This aspect has developed into an active field of research; facts leading to 
our present knowledge and many of the more intriguing problems were 
clearly presented by Hagbarth (159) and Livingston (226). Controls operate 
at receptors and at successive synaptic levels of specific pathways and upon 
polysensory systems. 

Certain observations suggested that excited receptors act upon neigh- 
boring (or even distant) areas of the sensorium in a relatively direct manner, 
for instance, mutual inhibitory influences between retinal or mechanore- 
ceptors (118, 130, 163, 221, 339), interplay between various fiber groups in 
one nerve (103), excitability changes in one dorsal root after stimulation of 
the adjacent one (352), and termination of ascending spinal fibers in sensory 
trigeminal and solitary tract nuclei (301). 

The importance of the gamma system in accurate adjustment of muscular 
length, in opportune initiation of movement, and in correlation of motility 
with wakefulness level was stressed by Granit (145, 149). In critically cura- 
rized toads, efferent spindle excitation effects, such as facilitation and ‘‘pri- 
mary”’ postexcitatory depression, resembled those seen in mammals; certain 
differences, including early changes during twitch intrafusal excitation and 
lack of summation of motor nerve fiber excitation effects, were as yet difficult 
to explain (124). Sensory-regulating mechanisms dependent on gamma acti- 
vation could not be activated monosynaptically (178). Under certain circum- 
stances and by way of posttetanic potentiation, they may induce moto- 
neurons to respond to brief stretch with maintained contraction (145). 
Spindle activity is governed by a wide brainstem area exerting preponder- 
antly facilitative and nonreciprocal influences (117). 

Reticular formation excitation produced a transitory blocking effect of 
postsynaptic responses in posterior column nuclei (307). Units in gracile or 
cuneate nuclei responded to excitation of the striatal complex or claustrum, 
and interaction (blocking or facilitatory) between sensory and central volleys 
occurred (311). Excitation of cerebral structures, including the cerebellum 
and sensory cortex, had pronounced excitatory or inhibitory effects, or both, 
upon activity of postsynaptic sensory spinal units. An interesting discussion 
in the same paper was centered on: (a) presence of ‘‘spontaneous”’ activity 
in sensory units and participation therein of tonic central drives; (b) influ- 
ence of “background” discharge on the ability of stimuli to produce signifi- 
cant reactions in sensory neurons; (c) advantages of unitary analysis (160). 

Current macroelectrode observations had suggested that electrocortical 
“arousal”’ was currently associated with masking of potentials evoked from 
receptors or primary neurons in cortical receiving areas; recent observations 
of considerable interest have proven that, when test shocks were applied to 
specific thalamic nuclei or optic nerve, EEG ‘‘arousal’’ provoked by sensory, 
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meso- or diencephalic excitation coincided with intracortical facilitation of 
late, slow components of cortical responses (55, 56, 105). Conditioning cal- 
losal volleys provoked marked distortion and facilitation of responses to 
thalamic shocks (54). Central government of afferent transmission therefore 
involves contrasting tendencies, either blocking or facilitatory, in terms of 
evoked potentials; such duality could reasonably be expected a priori and 
had been established at unitary level. 

Corticothalamic ‘‘association’’ sensory systems (‘‘systémes associatifs’’) 
were subject to important, usually blocking influences exerted by mesence- 
phalic reticular formation (47). 


EFFERENT SYSTEMS 
MOTONEURONS 


The physiology of motoneurons was summarized by Eccles (107). Sepa- 
ration of different types (phasic alpha, tonic alpha, gamma) of motoneurons 
has been explicitly justified by Granit (149). The distinction between tonic 
and phasic alpha motoneurons was confirmed by several workers. (a) Suc- 
cinylcholine effects differed: after drug administration tonic alphas dis- 
charged permanently and their stretch reflexes were inhibited by additional 
muscular elongation; contrastingly, phasic alphas were silent and their 
stretch reflexes facilitated (166, 167). (6) In freely moving frogs, tonic muscle 
fibers participated in most movements and showed little fatigability; phasic 
fibers intervened in strong movements, were fatigable, and under certain 
conditions they could act tonically (173). (c) Motoneurons supplying slow, 
“‘red”’ muscles also differed from those of the pale ‘‘fast’’ muscles in exhibiting 
slower declining antidromic spikes, more prolonged afterhyperpolarizations, 
lower axon conduction velocities, and lower frequency discharges and in 
being subject to greater activation by way of the gamma-loop (108, 110). 
The denomination of ‘‘fusiform’’ was suggested for small, gamma moto- 
neurons, only a fraction of which exhibited ‘‘spontaneous” discharge in 
spinal cats; their individuality as a group was further justified by basic 
differences setting them apart from large alpha elements: e.g., higher ‘‘rest- 
ing’ discharge frequency, more marked tendency to repetitive discharge, 
lack of monosynaptic excitatory connections, and briefer subnormality (178). 

In the proximity of extracellular microelectrodes and apparently not as a 
consequence of the presence of the recording tip, the motoneuronal mem- 
brane appeared inexcitable; extracellular spikes followed the same time 
course as local membrane currents (128). Spikes derived from soma or from 
initial axons of toad motoneurons differed in shape and accommodation (14). 
Gamma-amino-n-butyric acid abolished responses of motoneurons to ortho- 
or antidromic volleys; excitatory postsynaptic potentials were annulled, a 
fact suggesting that y-amino-n-butyric acid was not the physiological in- 
hibitory transmitter at that level (94). Chromatolyzed motoneurons of cats 
exhibited modified excitatory postsynaptic potentials with reduced time to 
summit and size, humplike depolarizations with transitional to full size im- 
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pulses, increased threshold levels of depolarization for spike initiation, and 
decreased safety factor in antidromic propagation to initial axon; these 
alterations explain functional disorders, such as the increase in minimum 
reflex latency and temporal dispersion observed in such neurons (111). 
Retrograde reactions have been encountered by histological and histochemi- 
cal methods in dendrites and soma of motoneurons after ventral root section 


(79). 


MECHANISMS OF Motor CONTROL 


Motoneuronal activity is governed by three basic interplaying influences 
that stem, respectively, from Renshaw cells, dorsal roots, and supraseg- 
mental structures. Certain observations give information in a general way 
as to the importance of supraspinal control in correct elaboration of motor 
performance. Cats observed days, weeks, or months after mesencephalic 
section were usually quiet and only occasionally capable of righting them- 
selves, walking, or exhibiting sleep, fear, anger, and sexual-like behavior 
(22). Mobility was assessed after various encephalic ablations in adult sala- 
manders (287). Application of adequate stimulation, for example cutaneous 
excitation of palm and fingers, produced a grasp reflex after frontal lobe 
ablation; the palmar component conditioned the position of fingers and the 
activity of gamma motoneurons for subsequent stretch of flexors (304). 
Spontaneous electrical activity in the lumbar cord showed an increased fre- 
quency after total thoracic transection but no correlation was apparent be- 
tween spontaneous rhythms, arterial pressure, and reflex amplitudes (43, 
350). After a subtotal spinal transection that left 10 per cent of ventral fu- 
niculi intact, adult cats retained a certain degree of function involving tone 
and locomotion; this was perhaps mediated by vestibulospinal tracts (362). 
After unilateral cord section, the operated side exhibited an increase in fiber 
count, distribution of afferents, presynaptic potentials and interneuronal 
delay; the authors interpreted these findings as indicating that sprouting 
afferent terminals filled gaps left by degenerating and reabsorbed terminals 
and thus induced spasticity (245). Caudal brainstem structures appeared to 
inhibit spinal interneuronal pools involved in mediation of reflex effects 
evoked from afferent fiber groups Ib, II, and III; group Ia, on the other 
hand, was relatively independent (113). Lateral column influences upon toad 
motoneurons will be cited below (59). 

In man, spinal (abdominal) reflexes are subordinated to cerebral outflow. 
These reflexes were modified in situations, some of which involved emotional 
and learned issues such as apprehension, attention, expectancy, and habitua- 
tion (161, 337). A short time after performance of a voluntary movement, 
stretch reflexes cannot be elicited from the same muscles (172). Study of pa- 
tients subjected to cordotomy indicated that spinal pathways subserving 
conscious control of bladder function are located within the lateral column 
on an equatorial plane (265). 

Experimentation on supraspinal control has been centered around the 
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classical pyramidal-extrapyramidal distinction but physiology finds it diffi- 
cult to adjust present investigations to this concept. Therefore, study of 
suprasegmental influences should become concerned specifically with eluci- 
dation of how each anatomical structure affects each type of motoneuron 
(108, 149). At present it is easier to classify material according to ‘‘condi- 
tioning” nucleus than to sort it according to ‘“‘conditioned”’ motoneuronal 
type; hence the former criterion will be applied below. 

Renshaw cells.—Responses exhibited by this type of cell to electropho- 
retically or intra-arterially applied drugs suggested that motor axon col- 
lateral effects on Renshaw units were cholinergically mediated and that two 
differently permeable barriers, blood-brain and perisynaptic, hindered the 
free access of pharmacological agents to neurons (92). Gamma-amino-n- 
butyric acid blocked Renshaw cell response to synaptic excitation and to 
iontophoretically applied acetylcholine (94). The recurrent facilitatory 
mechanism exerted by motor axons upon neighboring motoneurons appeared 
to occur by way of cholinergic axon collaterals and at least two interneurons; 
it was not possible to determine whether Renshaw cells, which are directly 
inhibitory of motoneurons, participated in this facilitatory loop by inhibiting 
depressant interneurons (360). 

Spinal reflexes.—Within a considerable range, extension of a tonic muscle, 
such as the soleus, was followed in a proportional fashion by discharge fre- 
quency of nuclear bag afferents and by reflex tension; the spike rate of in- 
dividual alpha motoneurons was relatively independent of elongation. After 
severance of spinal connections, tension provoked by tetanic nerve stimuli 
was also proportional to extension; hence, the constant loop ‘‘gain’’ observed 
in stretch reflexes could be attributed to recruitment of motoneurons lin- 
early or to changes in the manner in which muscles responded to constant 
output, or both (147). A resonant tendency was encountered in stretch re- 
flexes when an appropriate frequency of sinusoidal displacement was applied 
(224). Gastrocnemius frog muscles, connected with spinal cord, served to 
construct a model of the larynx; discharge of afferent and efferent fibers in 
response to vibration produced by passage of an air current in this model 
were studied by Paulsen (283). Clonus has been interpreted as a result of 
transitory rebound enhancement of motoneuron excitability occurring after 
a phase of recurrent inhibition (146). 

Relatively long latencies of inhibitory postsynaptic potentials and ab- 
sence of linearity in summation of simultaneous shock effects were observed 
in inhibition of sacral motoneurons by volleys in contralateral, low-threshold 
afferent fibers; these facts agreed with the hypothesis that the inhibitory 
pathway involved was at least disynaptic. Monosynaptic activation of moto- 
neurons was occasionally observed as a result of the same type of stimulation 
(93). In a careful analysis of hip and knee muscle motoneurons, Eccles & 
Lundberg (112) showed remarkable correlation between muscle function and 
inhibition patterns of Ia synaptic influences; Ia excitatory and inhibitory 
actions were distributed in an obviously more complex fashion than that sug- 
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gested by the ‘‘myotatic unit” hypothesis. Frog ventral horn cells reacted to 
dorsal root stimuli (which activated interneurons connected with moto- 
neuronal dendrites) with long-latency, temporally dispersed, and nonre- 
cruiting discharges and to lateral column volleys (which activated moto- 
neuronal cell bodies directly) with short-latency, brief, recruiting discharges; 
different modes of excitation were suggested (59). Wedenski inhibition may 
take place in synaptic transmission to motoneurons (14). 

Early and late posttetanic potentiations were clearly separable in mono- 
synaptic pathways. The former exhibited similarities with dorsal root elec- 
trotonus and after-potentials and could be accounted for by a certain level of 
hyperpolarization (227). Early posttetanic potentiation occurred in various 
reflex functions of group I fibers, such as monosynaptic transmission, syner- 
gist facilitation, and inhibition; low-frequency depression was specially 
marked in monosynaptic reflex transmission and in facilitation of syner- 
gists, suggesting that the rapid excitatory phase in synaptic transmission of 
group I volleys was specially susceptible (359). Spinal synaptic delay ex- 
hibited a small progressive increase with age in curarized rats (355). A study 
of spinal synaptic transmission after section of the dorsal root demonstrated 
changes (e.g., progressive decrease of monosynaptic response, early and 
transitory increase of polysynaptic response, and increased fatigability) 
which led to the conclusion that the conducting part of the axon and in its 
terminal presynaptic endings reacted differently to section (348). 

In a careful study, Kugelberg & Hagbarth (207) established the char- 
acteristics, such as afferent conduction velocity, central delay, efferent dis- 
charges, irradiation, and inhibition, of human abdominal and erector spinae 
reflexes, concluding that they are truly spinal and polysynaptic. A linguo- 
hypoglossal reflex exhibiting a latency of over 7 msec. was described (41). 

Reticular formation.—Available information concerning this point was 
succinctly but clearly presented by Ward (353). Single-shock excitation of 
suprabulbar reticular formation affected spinal reflex responses both in 
monosynaptic pathways producing early and brief inhibition, and late and 
prolonged facilitation, and in polysynaptic pathways producing long-lasting 
inhibition; effects were altered by cortical, vestibular, and other destructive 
procedures (199). Comparison was made of cortical, caudate, and cerebellar 
excitation effects on reticular units and on spinal monosynaptic responses 
(200). It was possible to separate ascending (cortical ‘‘desynchronizing’’) 
and descending (motor facilitatory or inhibitory) influences, either by ex- 
citation of different bulbar points or by exploration under different anesthetic 
levels; EEG effects were the most vulnerable (262). Facilitation and inhibi- 
tion also showed different susceptibility: in the unanesthetized cat, facilita- 
tory motor effects or even overt movements predominated; ether or chlora- 
lose abolished first facilitation and then inhibition (72). Stimulation of 
reticular formation or of afferent nerves exerted more intense motor facilita- 
tion in diencephalic than in intact cats, suggesting the existence of a tonic 
corticifugal inhibitory pressure, the intensity of which would roughly parallel 
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the degree of electrocortical ‘‘arousal” (175, 176). Brainstem mediation was 
suggested as a cause of motor depressions observed after abrupt distention 
of intrahepatic biliary ducts (46). 

Control of ocular movements was also analyzed. Reticular excitation 
provoked a ‘‘central’’ nystagmus which was compared with that of vestib- 
ular origin (210, 211); various brainstem lesions altered optokinetic nys- 
tagmus in rhesus monkeys (313). Large eyeball displacements observed in 
man were usually associated with blink movements, probably established in 
early infancy on a conditioned basis (158). 

Vestibular nuclet.—From a study of disturbances in motor co-ordination 
observed after destruction of labyrinthine or fastigial nuclei, Carpenter et al. 
(76) concluded that consequences of both lesions were similar but independ- 
ent except for compensation effects. 

Cerebellum.—Rostromedial and rostrolateral portions of the fastigial 
nuclei exerted tonic influences that differed in sign (24, 75). Stimulation of 
the intermediate part of the anterior lobe after decerebration increased 
rigidity (289). Motor cerebellar effects appeared to depend on circuits differ- 
ent from those mediating electrocortical cerebellar influences (204). 

Corpus striatum.—In chloralose-treated cats, excitation of the head of the 
caudate nucleus modified myographically recorded motor responses evoked 
from the cortex; distribution of effects permitted division of the head of the 
caudate nucleus into a narrow medial facilitatory zone and a wide lateral 
inhibitory zone (151). In cats treated with gallamine triethiodide (Flaxedil), 
striatal excitations modified ventral root electrical responses to dorsal root 
stimuli; augmentative effects were evoked from either caudate, putamen, 
globus pallidus, or claustrum; inhibitory effects only, and rarely, from cau- 
date or putamen. Repetitive excitation of the striatal complex reduced am- 
plitude and increased frequency of cord strychnine tetanus potentials; 
changes in reflexes and strychnine waves were associated with acceleration 
and recruitment of motoneurons (312). 

Since abnormal movements included in so-called ‘‘extrapyramidal” syn- 
dromes are provoked or ameliorated by striatal lesions, papers dealing with 
this subject and having physiological interest will be mentioned here. Sub- 
thalamic lesions in monkeys induced hyperkinesia, especially when the sub- 
thalamic fasciculus was included; secondary destruction of the brachia con- 
junctiva reduced hyperkinesia but provoked enduring ataxia (74). Applica- 
tion of stereotactic techniques to humans permitted exploration of central 
structures in neurological patients. Excitation of the globus pallidus or mid- 
brain tegmentum induced or augmented tremor; conversely, coagulation of 
same areas reduced abnormal movements, spasticity, or convulsive disorders 
(319 to 321, 365). This agreed with the facilitatory pallidal influences en- 
countered experimentally (312). Both cortical (precentral) and subcortical 
(pallidal and tegmental) structures participate in maintenance of tremor 
(64). 

Pyramidal tract.—Human, macaque, and elephant pyramidal tracts were 
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studied anatomically (99, 100, 349). Tactile, visual, and auditory stimuli 
converged on Betz cells and provoked pyramidal discharge (19, 20, 216). 
Unitary analysis revealed sensory excitatory and inhibitory effects and per- 
mitted precise measurement of latencies and refractory periods; conduction 
velocities of pyramidal fibers were determined (216). In pyramidal cats, 
corticospinal responsiveness, as indicated by pyramidal responses to cortical 
shocks, was either variable during spindles, or stable during EEG “arousal” 
or interspindle lulls; since no significant differences occurred in the three con- 
ditions, cortical EEG “‘activation’’ did not seem to involve pyramidal or 
related cells (367). Motor cortical excitability appeared enhanced by tonic 
red nuclear influences (165). Motor cortex stimulation evoked double early 
homolateral, followed by late bilateral responses in median and phrenic 
nerves in curarized, chloralose-treated cats (88). 

The pathogenesis of the signs included in the classical ‘‘pyramidal” syn- 
drome was discussed (23). Loss of abdominal reflexes in pyramidal lesions in 
humans seemed a consequence of diminished excitability of spinal centers 
(207). The basic responsibility of the pyramidal tract in determining parkin- 
sonian tremor seems well established (64). 

Rhinencephalon.—Observations were performed in animals with im- 
planted electrodes. Somatic movements of the head, characteristic of emo- 
tional expression, and flexion or extension of the limbs were evoked from the 
cingulate gyri in monkeys (314). Generalized inhibition of movements was 
encountered during hippocampal excitation (150, 152, 225). Face movements, 
including ‘“‘eating automatisms’’, were produced by amygdaloid stimulation 
(9, 129). 


EEG AND BEHAVIOR. SLEEP AND WAKEFULNESS 
EXPERIMENTAL EPILEPSY 
GENERAL ASPECTS 


Nondefinable but intuitively recognized entities are a necessary founda- 
tion for most sciences and, in neurophysiology, ‘‘consciousness’’ perhaps 
constitutes such a concept. Clarification of various meanings given to the 
word is nevertheless useful; precisely this and other interesting related mat- 
ters were discussed by Brain (51). Eye movements which were spontaneous 
or provoked by stimulation of the brain changed in a predictable manner 
with shifts in the state of consciousness (206). An effort to give a better defi- 
nition of pathologic conditions of nonresponsiveness in experimental animals 
was published by Matsunaga (243). Consciousness is physiologically blanked 
during natural sleep; the problem of sleep mechanisms as it now stands 
was stated by Huguelin (174) and by Moruzzi, Rossi & Zanchetti (258). 

Electrographic analysis contributes greatly and is an indispensable com- 
plement to our exploration of these problems. Ontogenic studies in chick 
embryo showed that “spontaneous” and strychnine-induced activity ap- 
peared on the thirteenth incubation day and then gradually adopted adult 
patterns (135). The capacity of young rabbits to exhibit normal adult EEG 
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and “spreading depression” was explored; development curves of body, 
brain, and pallial weights and neurohistological and EEG findings were cor- 
related and discussed (305). Patency of one carotid or vertebral artery suf- 
ficed to maintain normal cortical electrical activity; clamping of both caro- 
tids and vertebrals provoked marked reduction of ‘‘spontaneous” rhythms 
and primary sensory potentials. Correlation of recovery of respiration, elec- 
trocorticograms, and evoked responses after circulatory restoration sug- 
gested that central brainstem mechanisms participated critically in the proc- 
ess (263). Sleep EEG was reconsidered by Silverman & Morisaki (315). 
Repetition of auditory sitmuli during natural or barbiturate sleep led to 
adaptation, anticipation, etc., noticeable in EEG and in finger plethysmog- 
raphy in humans (281). In aibino rats, separation of ‘‘phasic’’ and ‘‘tonic’”’ 
EEG “arousal” reactions was confirmed; variations produced by repetition 
(“habituation”) were studied and related to stimulus parameters (77, 78). 

Our knowledge of awakening reactions has been improved by direct 
current and unitary recordings and by measurement of cerebral blood flow. 
Excitation of arousal-inducing areas, including receptors and mesencephalic 
reticular formation, provoked sustained and diffuse cortical surface-negative 
potential shifts, usually but not necessarily associated with EEG ‘“‘desyn- 
chronization”; stimulation of midline (lateral) thalamic nuclei produced 
similar direct current changes restricted to areas in which recruiting (aug- 
menting) waves could be evoked by 6 c.p.s. excitation; negative slow poten- 
tial shifts occasionally persisted into poststimulatory periods and were then 
replaced by transitory positive deflections (15, 58, 277, 345). 

Microelectrode studies in free, unanesthetized monkeys confirmed acute 
experiments suggesting that on arousal cortical unitary discharge was re- 
organized, acceleration being a common but not exclusive occurrence (185, 
188). Other experiments have indicated that during EEG “‘arousal’”’ cortical 
blood flow increased; both systemic and cerebral circulatory events and local 
production of vasodilator metabolites participated (30, 179, 180). Circula- 
tory issues related to EEG effects of epinephrine were analyzed by Capon 
(73). 


CONTROL 


Certain brain areas are important for correct alternation of sleep and 
wakefulness. Though Jefferson made the interesting suggestion that the peri- 
chiasmatic region may also be critical, most work confirmed the notion that 
consciousness depends closely on function of the brainstem from diencephalon 
to medulla (2, 184, 185, 189, 284). In cats with implanted electrodes, signifi- 
cant effects were produced by excitation of midbrain reticular formation 
(arousal), medial thalamus (arousal or drowsy behavior), ventrolateral 
thalamus (poststimulatory restlessness), or dorsolateral thalamus (slight 
arousal) (253). Arousal and alerting patterns such as startle or searching were 
observed; effects attenuated specifically and for many hours when brainstem 
excitation was repeated (298). 
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Functional elimination of well-defined or discrete areas led to more pre- 
cise identification and characterization of critical regions. Complete cephalic 
pontine transection at the rostropontine pretrigeminal level produced per- 
manent EEG and ocular signs of sleep; transections immediately rostral to 
the trigeminal rootlets displaced the sleep-wakefulness balance towards 
enhanced vigilance. The latter status was only partially dependent upon 
visual and olfactory bombardment; therefore, the rostral pontine area ‘‘pres- 
ent’ in midpontine and ‘“‘absent” in rostropontine cats was responsible for 
maintenance of the hyperalert condition (26 to 28). The normal behavior 
associated with a transitory electrocortical asymmetry seen after midbrain 
hemisection in cats indicated that: (a) reticulocortical influences separate 
into a right and a left stream; (b) these currents partially cross more cepha- 
lically; and (c) each suffices to maintain alert behavior (90). 

Localized trauma provoked coma most easily when produced in the 
mesencephalic central gray matter, interpeduncular nucleus, or rostral bul- 
bar reticular formation (242). Matsunaga (243) and Moriyasu (255, 256) 
injected small amounts of nicotine into mesencephalic reticular formation 
or central gray matter, provoking a transitory coma surprisingly associated 
with low voltage, fast electrocortical patterns. Stupor produced by interfer- 
ence with the brainstem usually has been attributed to abolition of normal 
tonic arousing influences arising at the destroyed area; it was suggested 
recently that the similar perturbation in awareness occurring after applica- 
tion to the reticular formation of nicotine (243), electrocoagulation (366), or 
intense stimulation derived from a seizure discharge that disrupted brain 
function (18, 261). Anesthetic effects of ether could perhaps be explained by 
a similar “‘neuroparalytic” effect provoked by excessive reticular activation; 
Schlag & Brand (308) have in fact found similar EEG patterns and unitary 
discharges after intense peripheral stimulation and during ether anesthe- 
sia. 

Apart from the central brainstem, other regions control patterns of sleep 
and wakefulness. Cortical government of awareness apparently involves 
conflicting tendencies: (a) a phasic energizing influence supporting brainstem 
(especially pontobulbar) activating structures (252); (b) a tonic inhibitory 
discharge currently opposing arousal. Aspect (b) was suggested by the finding 
that peripherally induced motor ‘‘activation” was more prolonged in dience- 
phalic than in intact cats (176). Attention processes appeared to be per- 
turbed after restricted frontal lobe lesions producing unilateral neglect in 
monkeys (357). 

The existence of ‘“‘hypnogenic” mechanisms, counterbalancing and co- 
operating with “arousal” systems, has been debated; from different sources 
favorable evidence tended to accumulate. Contrasting levels of ocular and 
EEG “wakefulness” characterized alert ‘‘midpontine pretrigeminal’’ and 
sleepy “‘gasserectomized encéphale isolé’’ cats; therefore the existence of an 
EEG “synchronizing” influence in the caudal brainstem may be postulated 
(25). This assumption received further indirect support from experiments in 
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which, after circulatory separation of telencephalon, diencephalon, mesen- 
cephalon, and cephalic pons (irrigated by carotid arteries) on the one hand 
and of caudal pons and medulla (irrigated by vertebral arteries) on the other, 
injection of pentobarbital into carotid arteries produced electrocortical 
“‘synchronization”’ whereas introduction of the same drug into the vertebral 
arteries provoked electrocortical ‘‘arousal’’ (234). Neocortical inhibitory 
effects were proposed by Huguelin & Bonvalet (175, 176). Other similar in- 
fluences could be initiated at the rhinencephalic level; arousal occurred not 
during, but immediately after hippocampal excitation in naturally sleeping 
cats with implanted electrodes; awakening was attributed to a rebound acti- 
vation of reticular formation produced after interruption of a forced inhibi- 
tory hippocampal discharge (225). 


EXPERIMENTAL EPILEPSY 


Cerebral rhythms normally do not include epileptic activity, but explora- 
tion of their genesis, unitary discharge, behavior and propagation has fre- 
quently yielded information important from a physiological point of view. 
Activity was recorded from the cortex and subcortex in epileptic patients by 
Delgado & Hamlin (96); EEG patterns of different zones were correlated 
with visible phenomena and subjective reports. Study of convulsions induced 
in salamanders by pentylenetetrazole (Metrazol) after elimination of various 
rostral brain areas yielded data relevant to location of motor mechanisms 
that participate in convulsions (287). 

After-discharges provoked by direct excitation of the cerebral cortex 
occupied initially an area that depended on stimulation intensity; the spike 
and, later, spike-wave complexes were propagated by contiguity and trans- 
callosally (201). Convulsive cortical thresholds were reduced by local polari- 
zation (202). Convulsoid activity was associated with negative direct current 
shifts and successively asynchronous, synchronous, and clonic Betz cell dis- 
charges (52, 141). Effects of strychnine on cortical cells were studied; topical 
strychnine produced a depolarization of neuron soma membranes onto which 
oscillations and spike discharges were superimposed. More rarely, hyper- 
polarization occurred; axonic, synaptic, dendritic, and glial potentials re- 
sponded differently (217). Enomoto & Ajmone-Marsan (120) found close 
correlation between epileptic cortical slow waves and cellular activity; EEG 
paroxysms were associated usually with unitary bursts or, rarely in high- 
frequency elements, with discharge interruption; distribution in depth of 
affected and of rare unaffected units was studied. In chronic cortical epileptic 
foci, most cells produced random, high-frequency bursts that during overt 
seizures adopted clear-cut though variable patterns (309). 

The sensitiveness of rhinencephalic structures to epileptogenic excitation 
was confirmed (6, 10, 129, 137, 248, 314). Correlation of lesion anatomy, be- 
havior, and EEG showed that alumina-cream-induced ‘‘psychomotor”’ seiz- 
ures in cats were currently associated with Ammon’s horn, entorhinal, and 
amygdaloid damage (137). Propagation of amygdaloid after-discharges 
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involved the contralateral amygdala (through anterior commissure) and 
temporal, insular, and parietal cortices (129). Mesencephalic, hypothalamic, 
and thalamic excitation modified rhinencephalic seizure activity (10). Light 
sleep induced in epileptics by hexobarbital (Evipan) was associated with slow 
hippocampal rhythms which, on arousal, were reinforced markedly, the neo- 
cortical activity becoming ‘‘desynchronized”’; patterns were thus reminis- 
cent of animal hippocampal tracings (193). Electroencephalographic pat- 
terns were analyzed in different stages of insulin hypoglycemia; suscepti- 
bility of hippocampal and amygdaloid areas suggested that therapeutic 
effects involved functional changes at the rhinencephalic level (248). Repet- 
itive, but not single-shock, excitation of the fornix or local injury provoked 
negativity of pyramidal dendritic layers in the hippocampus. When this 
shift (indicative of dendritic depolarization) occurred, after-discharge fol- 
lowed; the latter moved slowly across the hippocampus, probably by way 
of ephaptic transmission (122). 
Convulsions induced by brainstem excitation in cats and rats were wholly 
tonic and characterized by low voltage, fast EEG patterns, reminiscent of 
those seen in certain types of human seizures (205). During strychnine 
tetanus, hypersynchronous tetanic discharges occurred in the spinal cord 
and brainstem but not in the cortex (264). 


ANATOMICAL ENTITIES: PHYSIOLOGY AND 
INTRINSIC MECHANISMS 


CENTRAL BRAINSTEM 


It would not be appropriate to elaborate here on all or even some of the 
many psychological implications and doctrinary discussions centered in this 
field. Readers are referred directly to well-informed and thoughtful surveys 
dealing on the subject (127, 184, 185, 235, 236, 257, 276). A few interesting 
notions will be mentioned briefly. (a) Three levels of reticular activation are 
conceivable: basal in the awake animal in a quiet environment in which unit 
discharge is moderately rapid and random; intermediate; and maximal after 
strong sensory or emotional stimulation, units being prepotently and dif- 
fusely activated (257). (b) The reticular system may participate in generalized 
alerting or focussed attention in man and animals (222). (c) Tonic and even 
phasic reticular activities may be considered closely related to both nervous 
inflow and humoral influences such as epinephrine or carbon dioxide; only a 
capacity to respond to alterations in somatic or visceral spheres by combined 
somatic and autonomic responses permits harmonious adjustment between 
bodily needs and behavior (97, 98, 177). 

Separation of various reticulopetal and reticulofugal influences is useful 
from a didactic point of view; it is desirable, nevertheless, to keep in mind the 
idea that drives converging on or issuing from the central brainstem act 
simultaneously and harmoniously, collaborating in adjustment of global 
behavior to present situations and past experience. Sensory, cortical, rhin- 
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encephalic drives converging upon reticular formation, and reticular inter- 
vention in control of various spheres have been discussed above. 

Mesencephalic unit activity was correlated with EEG ‘‘arousal” reac- 
tions in unanesthetized freely moving rats (77, 78). The significance of 
temporal discharge patterns in preservation of information at the reticular 
unitary level was stressed and demonstrated by Amassian & Waller (8). 
Epinephrine- and acetylcholine-sensitive units were encountered (48). 

Adequate knowledge of brainstem anatomy is an indispensable prerequi- 
site for full comprehension of brainstem physiology. Neurohistological tech- 
niques as applied by classical anatomists in their monumental contributions 
still have much to offer us in our approach to better comprehension of central 
nervous structure and function; not even electrophysiology and electron- 
microscopy, armed with remarkably elaborate and precise methodologies, 
are (or ever shall be) in a position to do without the parallel optical micro- 
scopic approach. An excellent example of the truth of this assertion lies in a 
Golgi analysis of reticular structure by Scheibel & Scheibel (306). Their work 
indicated that: (a) collaterals from lemnisci stream into the reticular forma- 
tion and connect with radiating reticular dendrites; (b) Golgi type II cells 
are exceptional, and reticular elements project long distances rostrally and 
caudally, emitting densely branching collaterals which reach reticular neu- 
rons and cranial nerve and thalamic nuclei and terminating in the reticular 
formation, central gray matter, colliculi, cerebellum, zona incerta, hypo- 
thalamus, intralaminar, or reticular thalamic nuclei. A prominent intra- 
thalamic bundle courses from the centromedian nucleus and parafascicularis 
to the reticular nucleus. Ascending pathways were also studied by others 
(267, 294, 295). Classical histological techniques applied to this part of the 
brain will no doubt keep investigators profitably busy for a long time. 


CEREBELLUM 


A volume devoted to cerebellar physiology was published by Kreindler 
et al. (203). Criteria for morphological divisions of the cerebellum were dis- 
cussed (323). Apart from classical motor symptomatology, total cerebel- 
lectomy induced behavioral alterations involving emotional reactivity, feed- 
ing, grooming, etc.; most individual perturbations could be attributed to 
aggression in localized zones (322). Motor and sensory effects of cerebellar 
stimulationand flash-evoked cerebellar cortical responses were reported above. 

Microelectrode studies of the frog cerebellar cortex showed the granular 
to be negative with respect to the molecular layer; low voltage fluctuations 
were encountered in addition to unitary spikes (191). Activity of isolated 
cerebellar cortical slabs was studied and found to be dependent only partially 
on its normal connections (91). 


Corpus STRIATUM 


Information concerning individual aspects of striatal function gradually 
accumulates and suggests a wider sphere of influence than that previously 
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attributed to it: excitation provoked co-ordinated performance; cortical and 
sensory (especially somatic) impulses converged upon caudate and lentiform 
nuclei (51); striatal effects, independent of corticifugal capsular fibers, were 
exerted upon the pericruciate cortex (292), motor mechanisms (151, 312, 319 
to 321), sensory relay nuclei (311), and autonomic effectors (136, 151). 
Nevertheless, a comprehensive hypothesis of function of this large nuclear 
complex is as yet lacking. Reactivity of striatal units to somatic stimuli ex- 
hibited two notorious features: convergence of messages from a widespread 
peripheral zone, and long duration of effects (4). 


CEREBRAL CORTEX 


Consideration of evidence from different disciplines and of the source of 
thalamic volleys reaching each cortical area persuaded Pribram that a new 
and less schematic classification of isocortical areas should be adopted; 
implications of this conception were discussed (290). Each level of the central 
nervous system includes areas derived from relatively unspecialized portions 
of the primitive neuraxis in which the original diffuse characteristic is par- 
tially preserved; at the mammalian cortical level, the neuropil may be repre- 
sented by the plexiform layer (40). Patterning of ‘‘spontaneous’’ waves, 
cortical responses to afferent volleys, and peripheral reactions to cortical 
excitation were carefully described by Lilly (219). 

Our knowledge of intrinsic cortical mechanisms has been improved by 
studies involving analysis of unitary activity, the shape of slow waves, and 
direct current levels. A number of microelectrode studies are available. The 
notion proposed by Adrian that neighboring nerve cells spontaneously tend 
to fire synchronously in the cerebral cortex was confirmed with reservations 
by Li (218). Different types of potentials were encountered in a careful 
exploration of the cat somatosensory cortex: steady potentials (probably 
glial); small or large spontaneous variations from synaptic or dendritic 
regions, respectively; and spikes preceded or not by prepotentials from 
perikarya or axons, respectively (217). Slow electrical responses have been 
recorded from glial elements tm vivo and in vitro (169, 335). The following ob- 
servations concern Betz cells, identified by antidromic pyramidal activation. 
(a) Spontaneous activity was either of a ‘rhythmic’ (with interspike inter- 
vals around 50 to 100 msec.) or ‘‘interrupted random” (randomly in bursts) 
type; absence of short intervals (under 10 msec.) in the first type could be 
caused by inhibitory influences (241). (b) Afferent stimuli elicited Betz cell 
discharge at first by direct paths and later through interneurons (19). (c) 
Discharge of different pyramidal cells may require afferent volleys of different 
intensity; facilitatory or blocking interactions occurred (216). (d) Single- 
shock excitation of the nucleus ventralis lateralis of the thalamus elicited 
short-latency responses of Betz units; repetitive stimulation produced EEG 
“arousal” and abolished spontaneous and evoked spikes, this inhibition 
probably being mediated by interneurons and also occurring on direct cortical 
excitation (52, 215). (e) Antidromic pyramidal stimulation permitted com- 
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parison of intra- and extracellular records, measurement of refractory pe- 
riods (2 to 8 msec.), demonstration of antidromic activation of soma (den- 
dritic invasion being doubtful), and identification of excitatory and inhibi- 
tory effects probably exerted by recurrent collaterals upon neighboring units 
(215, 288). Discharge patterns of somatosensory cortical units were studied in 
anesthetized monkeys; the characteristics, including the probability of dis- 
charge, latency, number of spikes, and interspike intervals, of responses were 
correlated with the modality, localization, and intensity of causal stimuli; 
inhibitory and facilitatory interactions were encountered (341). Concomitant 
slow wave and unitary responses were recorded with microelectrodes both 
extra- and intracellularly in the cat somatosensory cortex. Spike acceleration 
and arrest occurred during early positive and late negative waves, respec- 
tively; the polarity of slow phenomena was not reversed after cell penetra- 
tion, indicating that potentials cannot be attributed to an active process 
occurring at soma membrane (68). 

The study of cortical slow wave responses to direct, sensory, and sub- 
cortical stimuli also gave information as to intrinsic cortical machinery. 
Direct testing of identifiable microscopic entities (like cell bodies) is possible 
in certain invertebrate or even vertebrate preparations but becomes less 
feasible in structures as complex as the cortex; when at this site physiologists 
wish to interpret electrophysiological events in precise structural terms, 
available evidence is for the most part indirect and dangers of oversimplifica- 
tion manifold. 

Purpura (291) has reviewed data indicating that topically applied y- 
amino-n-butyric acid blocked or reversed cortical surface negative waves 
included in direct, augmenting, recruiting, and reticular cortical responses; 
possible intracortical distributions of reticulo-, thalamo-, and caudatocortical 
drives were discussed (291). Negative cortical transients, evoked by excita- 
tion of the surface, radiation, or thalamus, were reversed by drugs, such as 
procaine, veratrine, or y-amino-n-butyric acid, applied im situ; positive 
transients were increased; deeper cortical activity was not affected (140). 
Other papers have each centered on a particular cortical response. Single- 
shock stimulation of the medial geniculate evoked initial and late auditory 
cortical waves; differences in latencies, polarities, distributions, and inter- 
action patterns suggested different afferent pathways and cortical mecha- 
nisms involving, for the second wave, spread of excitation to superficial 
neurons but not “upward’’ propagation along apical dendrites (123). Visual 
cortical responses to geniculate excitation in free, unanesthetized cats ex- 
hibited a configuration similar to that observed in acute experiments (310). 
Recruiting responses appeared to implicate activation of long and short 
thalamocortical neuronal chains and participation of different cortical waves, 
each exhibiting maximal intensities at different depths (3); a duality was 
suggested also by Jasper (185). Shocks to the caudate nucleus evoked cortical 
potentials characterized either by simple (positive-negative) or complex 
(polyphasic) sequences localized in the pericruciate areas; diencephalic 
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destruction simplified these responses, so indicating multiplicity of caudato- 
cortical pathways (292). Clinical, behavioral, and electrophysiological data 
on the corpus callosum were discussed by Bremer (54) who concluded that it 
participated in elaborate activities and guaranteed a perfect synergy between 
homotopic cortical areas. Proof of interhemispheric transfer between sym- 
metrical sensory cortical points was cited: areas responded to shocks applied 
to the contralateral cortex by a multiple, brief surface-positive oscillation, 
attributed to successive volleys of commissural impulses, followed by a pre- 
ponderant negative postsynaptic wave (54). Regional differences were shown 
to occur in the form of direct cortical responses (330). The first positive spike 
was attributed to activation of specific cortical afferents (272). Surface propa- 
gation of direct cortical responses was studied by Brooks & Enger (60), who 
concluded that progress may either be slow by excitation of pyramidal cells 
or rapid by excitation of horizontal fibers. Direct cortical responses and 
transcallosal responses were masked during EEG ‘‘arousal”’ even after y- 
amino-n-butyric acid depletion, thus showing that the substance does not 
participate critically in all cortical ‘‘activating’’ mechanisms (115). 

Sustained surface-negative potential variations were encountered in 
laboratory animals and humans upon repetitive direct cortical, thalamic, 
reticular, or callosal excitations; direct current shifts were attributed to 
depolarization of the same élements, perhaps dendrites, that, in response to 
low-frequency excitation, produced surface-negative waves (45, 58, 141). 

Learning processes altered cortical responsiveness. Following habitua- 
tion or extinction, sensory stimuli provoked (after an initial positive spike) 
delayed and prolonged negative waves and reinforced alpha rhythms; when 
the clicks constituted conditioned signals, betalike rhythms were induced; 
possible intracortical and subcortical mechanisms were discussed (302, 303). 


RHINENCEPHALON 


Most papers devoted to discussion of general limbic function stressed the 
concept that an ever growing accumulation of experimental data favors 
certain basic notions: (a) the clear-cut anatomic and physiologic separation 
between rhinencephalic and neocortical structures; (b) the functionally 
integrated character of this system and its participation in the affective and 
intellectual functions of the brain; (c) its possible partition into two portions: 
one, including the orbital, temporal polar, insular, and pyriform cortices, 
concerned with obtaining and assimilating food, i.e., activities leading to self 
preservation, and another, including the hippocampal, cingular, and septal 
areas, concerned with sexual mechanisms, i.e., activities leading to preserva- 
tion of the species; see discussions in [(9, 83, 152, 153, 229, 230, 282)]. These 
assumptions were supported by various recent publications. Electrical or 
chemical stimulation produced responses of alimentary (sniffing, licking, 
etc.), emotional (irritability, anger, etc.), and sexual (purring, enhanced 
grooming and receptivity to genital stimulation, etc.) nature (6, 9, 229, 230). 
Similarity of these effects with the psychomotor epileptic aura was remarked 
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by MacLean (230). Electrical excitation of the hippocampus in conscious 
patients produced sensations referred to the whole body or the alimentary 
tract; confusion or automatic behavior was aroused from the amygdaloid 
region, and positive psychical experiences from the deep sylvian or insular 
regions; manifestations were currently associated with localized or general- 
ized postdischarges (187). Lesion effects also included perturbations in ali- 
mentary behavior, including hyperphagia and ingestion of nonedible mate- 
rials, emotional responses, particularly docility and fearfulness, and hyper- 
sexuality (1, 9, 153, 229, 230). An inhibitory hippocampal influence, opposed 
to activating brainstem tendencies, has been proposed on the basis of: (a) 
suppressor hippocampal effects on motor responses, evoked reflexly or from 
the cortex in acute experiments, and on performance, either spontaneous or 
produced by central nervous or conditioned stimulation; (b) rebound-like 
arousal from naturai sleep, observed on cessation of hippocampal excitation 
(150, 152, 225). 

Knowledge of intrarhinencephalic connections and mechanisms widens 
gradually. Basic rhinencephalic anatomy was clearly described by Papez 
(282). Hippocampal and amygdaloid projections to the septum were con- 
firmed (266). Electrophysiological studies indicated that the fornix played a 
dual role, carrying afferent and efferent hippocampal impulses to and from 
the septum and thalamus; the entorhinal area could thereby modulate hip- 
pocampal activity. It seemed probable that the classical Papez circuit is 
complemented by a differently oriented chain involving, in succession, the 
septum, thalamus, hippocampus, and entorhinal area (1). 

Intrinsic hippocampal mechanisms were explored in curarized decorti- 
cate cats. Single-shock stimulation of the fornix activated granular and then 
pyramidal hippocampal cells; correlation of the recording site, evoked po- 
tential amplitude, and time indicated that events remained localized within 
the pyramidal layer and showed no evidence of propagation to either axons 
or dendrites; the relationship to seizure activity was described above in the 
section on epilepsy (122). 


CONNECTIONS 


Accurate anatomophysiological description of interconnections between 
different nuclei is important for correct interpretation of sensory, motor, 
electrographic, and behavioral physiology. Recent studies of intrareticular, 
intracortical, intrarhinencephalic pathways have been discussed above. 

The following facts concern corticipetal influences. (a) Reticulocortical 
connections may be represented by fibers with terminal ascending bundles 
that give rise to widespread and horizontal collaterals (306). (6) Nakamura 
(261) studied cortical potentials evoked by reticular shocks and concluded 
that they were similar to, though not identical with, recruiting or secondary 
sensory waves; they furthermore utilized both thalamic and extrathalamic 
routes. (c) Reticulocortically evoked potentials differed in rostral, inter- 
mediate, and caudal cortical areas (291). (d) Responses evoked by shocks 
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applied to the medial thalamus consisted in either classically recruiting waves 
or short-latency, generalized, nonrecruiting potentials; similar excitation of 
the mesencephalic reticular formation produced generalized responses with 
either short or long latencies (338). (e) The anterior nucleus of the thalamus 
is an important relay station for nonspecific thalamic recruiting projections 
in rabbits (116). (f) Recruiting responses are probably complex, involving 
volleys coursing along different chains and originating different latency 
waves (3). (g) Bilateral ‘recruiting’? responses were obtained more easily 
from medial than from lateral thalamic areas; contralateral waves were gen- 
erated predominantly by way of the rostral massa intermedia (119). (kh) True 
recruitment could be evoked by mesencephalic 6 c.p.s. stimulation in chlora- 
lose-treated cats (277). This supported the hypothesis suggested by Tissot 
& Monnier, after studying the effects of lesions, excitation, and drugs, that 
“activating” and “recruiting’’ systems, though physiologically different, 
overlapped in certain regions, e.g., the midline thalamus (338). (z) Direct 
and indirect caudatocortical projections reached the pericruciate region (292). 

Corticifugal connections with the reticular formation were comprehen- 
sively reviewed by French (126). In human brains, cortical connections to 
the lower brainstem involved ‘‘direct’’ paths to motor, gracilis, and cuneate 
nuclei and “indirect” paths to the tegmentum and reticular formation (209). 
Rhinencephalic projections to the brainstem were reviewed in general and 
explored in relation to marsupial phalanger entorhinal area by Adey whose 
conclusions may be summarized as follows. Amygdaloid projection fields 
involve the di- and mesencephalic central gray matter, but connections are 
not direct and evocation of potentials requires repetitive stimulation. The 
hippocampus is extensively connected with the anterior thalamus, periven- 
tricular system, and central gray matter; direct pathways have been demon- 
strated by Nauta (266); indirect routes include entorhinal relays. Direct 
pathways were traced from the entorhinal area, through the external capsule, 
anterior commissure, and stria medullaris to the midbrain dorsal tegmentum 
and central gray matter; confirmatory electrophysiological studies showed 
that single shocks delivered to the entorhinal area evoked slow waves and 
profoundly inhibitory unitary responses in the same mesencephalic regions 
(1). Cerebellorhinencephalic connections were described by Anand (9). Cen- 


tral brainstem fibers reached the preoptic region, corpus striatum, and septum 
(267). 


TECHNIQUES 


Novel or interesting techniques included, among others, procedures for 
studying a ééte isolée with intact spinal cord (30 to 32), averaging evoked 
responses and correlating them with stimuli (53), determining stimulation 
parameters (33, 63), chronically implanting polarographic electrodes (81), 
specifically placing lesions in the hippocampus by 3-acetylpyridine admin- 
istration (84), isolating cerebellar cortical slabs (91), using concentric mi- 
cro electrodes (128), recording motoneuronal potentials (128), recording 
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unitary activity in animals with chronically implanted electrodes (171, 185, 
188), recording cerebral blood flow (179, 180), following cortical wave pat- 
terns (219), measuring spike timing in a crystal controlled digital impulse- 
interval chronometer (341), and electronically recording electrocortical pat- 
terns in rats with implants (356). A scale model of the rhinencephalon was 
constructed by de Groot (156), and a useful description of avian hemisphere 
nerve centers was published by Jones & Levi-Montalcini (190). An excellent 
volume on human stereotaxic neuroanatomy is available (334). 


SUMMARY 


To terminate, the reviewers would point out that research upon certain 
problems, such as receptor activation, motoneurons, sensory controls, spinal 
mechanisms, sleep and wakefulness, and central brainstem, issuing from 
important aggregations of experimental data, posed in a coherent fashion, 
and set within the scope of present day techniques, has continued to yield 
its usual significant contribution. But outside of these fields, novel facts or 
shrewd comments indicated other lines of investigation, notably the explora- 
tion of dendrites, initial, and terminal axons, the study of interactions be- 
tween adjacent receptors or neurons, mathematical analysis of unitary dis- 
charge patterns, and the utilization of refined techniques on free unanesthe- 
tized animals. Along these routes lie promising and perhaps eventually re- 
warding fields of endeavor. 
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VISCERAL FUNCTIONS OF THE NERVOUS SYSTEM?” 


By FRANK P. Brooks 


Department of Physiology, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania 


After consulting the literature on the subject, this reviewer has been im- 
pressed with the large number of published reports and also with the di- 
versity of journals and the varied background of the authors. It seems to be 
a subject attracting the interest of many disciplines but one in which it is 
difficult to combine a multidiscipline background within the person of a 
single investigator. As in previous years, the selection of material and its 
presentation have been strongly influenced by the reviewer’s background 
which is that of a physiologist with a particular interest in the digestive 
tract and experience in clinical medicine. 

There is now clear evidence of relationships between regions of the 
brain and emotional and visceral activity. Lesions of the amygdala in rats 
abolished the hyperemotionality previously induced by septal lesions [King 
& Meyer (1)], while a pellagra-like syndrome in mice followed hippocampal 
lesions produced by 3-acetylpyridine, an analogue of nicotinic acid [Cogge- 
shall & MacLean (2)]. Stimulation of the medial thalamic nuclei in macaques 
was followed by changes in respiration, increased abdominal peristalsis, 
sialorrhea, and blunting of emotional affect [Showers (3)]. Chronic hypo- 
thalamic stimulation in cats produced either flight or aggression responses 
which were purposeful and in the case of flight could be conditioned [Nakao 
(4)]. As a result of studies with implanted electrodes in cats, De Molina & 
Hunsperger (5) considered a subcortical system extending from the amyg- 
dala along the stria terminalis to the anterior commissure and hypothalamus 
as participating in the defense pattern, flight, and growling behavior. 

The significance of the visceral functions of the nervous system for clini- 
cal medicine is suggested by the report of Hinkle and others (6) that the dif- 
ference between those persons subject to recurrent illness of all types and 
their healthy compatriots lay not in their inherited constitution or their life 
experiences but in the manner in which they reacted to their life situation. 
On the other hand the inadequacies of the concept of a direct relationship 
between stressful stimuli and the development of chronic disease is illu- 
strated by the report of Shapiro & Melhado (7) who found that none of a 
group of rats subjected to periods of noxious stimuli developed chronic dis- 
ease. 

The consequences of acute stressful or noxious stimulation have been 
further studied by DeLong, Uhley & Friedman (8) who observed prolonged 


1 The survey of literature pertaining to this review was concluded in June, 1959. 
2 Among the abbreviations used in this chapter: ACh (acetylcholine); GABA 
(y-aminobutyric acid); 5-HT (5-hydroxytyramine). 


473 














474 BROOKS 


clotting times in rats, and by Goddard (9) who observed that 50 ml. of 
brandy blocked the increased urinary excretion of norepinephrine which 
occurred in glider pilots during flight. 


NEUROHUMORAL AGENTS 


The neurohumoral agents concerned with the transmission of these vis- 
ceral activities to the end organ remain obscure in many instances. By 
pharmacological methods and by histochemical techniques only extracellu- 
lar acetylcholinesterase, in contrast to intracellular acetylcholinesterase, 
was of functional significance in autonomic ganglia [McIsaac & Koelle (10) 
and Koelle & Koelle (11)]. Snell (12) found high cholinesterase activity in 
the preganglionic fibers of the superior cervical ganglion of the cat but none 
in the ganglion cells or postganglionic fibers. Epinephrine and norepinephrine 
were given intravenously to conscious dogs and found to reduce the urinary 
excretion of sodium in a fashion consistent with a 3 per cent reduction in 
glomerular filtration rate [O'Connor (13)]. Holgate & O’Connor (14) com- 
pared epinephrine and norepinephrine in conscious dogs and found that the 
former in doses of 0.03—0.2 ug./kg./min. caused an increase in heart rate 
and little change in blood pressure, while norepinephrine in doses of 0.1—0.5 
ug./kg./min. produced an elevation in blood pressure and a decrease in 
pulse rate. Hazard and others (15) found that the concentration of epineph- 
rine in the plasma of dogs during an intravenous infusion of the hormone 
showed very little rise, indicating rapid loss from the plasma. The metab- 
olism of dl-norepinephrine-2-C has been studied in man. About 67 per cent 
of the administered activity given intravenously appeared in the urine 
within 24 hr. Methylated compounds accounted for 55 per cent of the 
metabolic products [Goodall, Kirshner & Rosen (16)]. 

White & Daigneault (17) found in rabbits that the posterior part of the 
midbrain was necessary for epinephrine and ACh to activate the EEG. 
Acidosis and alkalosis were simulated in experiments on the action of 
norepinephrine on isolated arterial smooth muscle. The former decreased 
and the latter increased the response to epinephrine [Tobian, Martin & 
Eilers (18)]. 

Reserpine has been employed to deplete vessels of norepinephrine. 
Trendelenburg & Gravenstein (19) found reserpine reduced the response of 
the heart rate to nerve stimulation but increased the response to norepineph- 
rine. In cats with the spinal cord intact, but cut below the brain, the fall in 
blood pressure after an initial rise during an infusion of norepinephrine may 
be caused by the vessel walls taking up the hormone. Ephedrine again 
elicited a pressor response by releasing the epinephrine [Burn & Rand (20)]. 
The results suggest that a small continuous discharge of norepinephrine may 
play a part in maintaining normal vascular tone [Burn & Rand (21)]. 
Malhotra & Pundlik (22) found that reserpine selectively decreased the 
ACh content of the hippocampus. 

The physiological significance of y-aminobutyric acid is far from settled. 
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Kuffler & Edwards (23) found that in isolated stretch receptors of crusta- 
ceans, GABA blocked receptors which were without histologically evident 
synapses and they suggested that its action was in part on dendrites and in 
part on the cell body. Factor I (Florey) from mammalian brain tissue caused 
complete inhibition of ACh-induced contractions of the guinea pig ileum 
while GABA did so only partially. On the other hand GABA inhibited the 
action of 5-hydroxytryptophane while Factor I did not [Florey & McLennan 
(24)]. Administration of GABA by vein in men caused a transient hypoten- 
sion and bradycardia [Elliott & Hobbiger (25)]. 

The function of serotonin or 5-HT is also uncertain. Georges & Herold 
(26) report that it inhibited the ascorbic acid depletion of the adrenals 
caused by epinephrine, histamine, and vasopressin in the rat. In hypophy- 
sectomized animals, serotonin had no effect on ACTH-induced depletion. 
Intramuscular injection of serotonin blocked the pilomotor response to cold 
or norepinephrine in mice and also the small vessel response to norepineph- 
rine in anesthetized dogs [Gordon, Haddy & Lipton (27)]. 


GASTROINTESTINAL TRACT 


The problem of secretion from denervated salivary glands continues to 
excite interest. Ohlin & Stromblad (28) found that cutting the postgangli- 
onic but not the preganglionic parasympathetic nerves to the parotid of the 
cat caused supersensitivity of the blood vessels of the gland to epinephrine. 
After administration of atropine, stimulation of preganglionic fibers caused 
vasodilatation but no secretion. Emmelin & Stromblad (29) suggested this 
was ascribable to ACh liberated from postganglionic terminals. These work- 
ers also found that anticholinesterases injected into the ducts caused in- 
creased secretion in the presence of preganglionic denervation but caused a 
decrease after postganglionic denervation [Emmelin & Stromblad (30)]. 

Stromblad (31) studied the gaseous metabolism of normal and denervated 
submaxillary glands of the cat and found that denervation reduced the oxy- 
gen consumption and also its maximum response to pilocarpine. Atropine 
blocked secretion stimulated through the chorda tympani but an increased 
oxygen uptake still occurred. A poor correlation between blood flow and 
oxygen consumption of the dog’s submaxillary gland was found by Terroux, 
Sekelj & Burgen (32). They found, however, an approximately linear rela- 
tionship between the rate of flow of saliva and the oxygen consumption in 
excess of the resting level. 

Histochemical studies of cholinesterase in salivary glands have been 
made by Snell (33, 34). He found that preganglionic sympathectomy had no 
effect on acetylcholinesterase in postganglionic parasympathetic fibers sup- 
plying the submandibular and sublingual glands of the rat. There was little 
acetylcholinesterase in the majority of sensory fibers. In the rat’s parotid, 
acetylcholinesterase was present in large amounts in the secretory cells and 
nerve trunks, with the ducts and vessels. There was no change after post- 
ganglionic sympathectomy. 
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Studies on the parotid secretion of sheep continue. Coats, Denton & 
Wright (35) found that maximal nerve stimulation gave rise to secretion ina 
burst suggesting the action of basket-cells. Bradykinin infusions altered 
blood flow without changing the rate of secretion of saliva. Kay (36) in fact 
found that stimulation of the cervical sympathetic nerve expelled saliva but 
did not stimulate secretion. After section of the secretory nerve, epinephrine 
had a similar effect. Both reduced parotid blood flow. In decerebrate sheep, 
parotid secretion was continuous in spite of cutting the parotid nerve or the 
use of blocking agents. Atropine reduced both salivary and blood flow. Un- 
conditioned reflexes could be demonstrated from the oral cavity, esophagus, 
and rumen [Kay (37)]. 

The nervous regulation of the esophagus has been reviewed by Ingle- 
finger (38). Fleshler et al. (39) found no difference between primary and 
secondary peristalsis in the esophagus, indicating that a medullary swallow- 
ing center need not be implicated in the mechanism of peristalsis. Jabonero 
(40) has discussed the microscopic anatomy of the esophagus in some detail. 

Considerable professional and lay interest has been aroused in the for- 
tunes of the “‘executive’’ monkey (41). From the first detailed scientific re- 
port it appears that the evidence rests upon the development of a perforated 
duodenal ulcer in one and a duodenal “‘erosion”’ in the other of two monkeys 
acting as half of two pairs subjected to avoidance conditioning in which each 
was the only member of his pair able to prevent the shock. Periods of 6 hr. 
on and 6 hr. off the shocking procedure were continued for 23 and 25 days 
in the case of-the monkeys with duodenal lesions. Slight elevation of the 
urinary excretion of 17-hydroxycorticoids was reported initially. Of 19 
monkeys subjected to behavioral conditioning procedures, 11 were said to 
have been autopsied, the prominent finding being a pathologic lesion in the 
gastrointestinal tract. There were five duodenal ulcers [Porter and co- 
workers (41)]. 

The effects of decortication on gastric secretion in dogs have been de- 
scribed by several Russian workers. Asratian (42) reported that after bilat- 
eral decortication the gastric secretory response to histamine and to rectally 
infused alcohol was increased. Markova (43) found that gastric acid secre- 
tion became continuous and that the differential response to various foods 
on sham feeding was lost. 

A conditioned gastric secretory response following repeated emotional 
stress in a patient with duodenal ulcer has been described [Sun et al. (44)]. 
Sun & Shay (45) also report statistical evidence for a synergistic action of 
chlorpromazine and tricyclamol (an anticholinergic drug) in depressing 
gastric secretion in duodenal ulcer patients. Synergism between the vagally 
mediated and gastrin phases of secretion was suggested by the findings of 
Clark et al. (46) who compared basal and histamine-stimulated gastric secre- 
tion in patients who had had a hemigastrectomy with exclusion of the 
antrum before and after reoperation for removal of the antrum. There was 
a reduction in both parameters after removal of the antrum. In the presence 
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of inadequate drainage, the gastric antrum may produce hypersecretion in 
the human stomach after vagotomy and pyloroplasty [Woodward (47)]. 

Despite its many deficiencies, insulin hypoglycemia-induced gastric se- 
cretion remains the standard of reference for nervous stimulation of gastric 
secretion. It is of interest that in dogs the insulin response can be reduced 
by locally applied antihistaminics [Kay & Forrest (48)], by anticholinergic 
drugs (Lin, Alphin & Chen (49)] and by reserpiline [LaBarre & Lieber (50)]. 
Shimizu, Morrison & Harrison (51) have used the insulin response to demon- 
strate inhibition of gastric secretion in the dog following irrigation of both 
innervated and denervated gastric antra. 

Nervous factors must play a role in the increased response of denervated 
gastric pouches in dogs with portal venous ligation [Gregory (52)]. Particu- 
larly intriguing is the increase in response to maximal histamine stimula- 
tion. Kahatsu et al. (53) have shown that such a response can occur after the 
gastric antrum has been denervated. 

Vagotomy, adrenalectomy, and hypophysectomy were effective in in- 
creasing order in reducing the volume of secretion and the concentration of 
hydrochloric acid in the pylorus-ligated rat [Jones & Harkins (54)]. Black- 
man, Campion & Fastier (55) were able to prevent the development of re- 
serpine-induced gastric erosions and hemorrhage in mice by vagotomy al- 
though this was not related to a reduction in hydrochloric acid secretion. 
The precursors of 5-HT had essentially the same effect on gastric secretion in 
anesthetized dogs as 5-HT itself, producing inhibition [Black, Fisher & 
Smith (56)]. 

By means of biopsies through a gastric fistula, Karpenko & Skliarov (57) 
were able to show that sham feeding increased the pepsin activity of the 
gastric mucosa of the dog, while histamine caused a reduction. 

Stimulation of various parts of the diencephalon has produced evidence 
for an influence on gastric motility. Skultely (58) found that stimulation of 
the infundibular region inhibited gastric motility in the anesthetized cat and 
that destruction of the periaqueductal gray matter prevented this inhibi- 
tion. Stimulation by electrodes implanted around the stalk of the hypophysis 
in dogs with gastric fistulae prolonged the duration of periods of gastric motor 
activity |Kosenko (59)]. 

Turning to the afferent pathway, Dunlop (60) reported changes in 
electrical activity of the hippocampus of the marsupial phalanger after elec- 
trical and mechanical stimulation of the stomach. Stretching of the stomachs 
of unanesthetized dogs with implanted electrodes produced a transient sup- 
pression of electrical activity in the cerebral cortex and hypothalamus 
[Raitses (61)]. Firsov (62) found that distention of an anesthetized cat’s 
stomach or bladder altered electrical activity of the cerebellar cortex. 

Wohlrabe & Kelly (63) found that division of the seromuscular layer and 
the lesser curvature attachment of antral pouches to the main stomach 
blocked the motility response to direct vagal stimulation and to insulin hy- 
poglycemia. In the esophageal plexus, myelinated nerve fibers constituted 
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only 6 per cent of those found at the midcervical level. Schitzlein, Rowe & 
Hoffman (64) preferred to use the term enteric fiber rather than parasympa- 
thetic for all fibers less than 3 uw in diameter. Periodic motor activity in the 
dog’s stomach after bilateral vagotomy was described by Lebedev (65). 

Excitatory and inhibitory influences on the flow of saliva from the 
parotid gland of ruminants exerted by distention of the rumen or esophagus 
were abolished by vagotomy [Kay & Phillipson (66)]. 

The clinical symptomatology of the dumping syndrome after gastric re- 
section correlated better with ECG changes than with shifts in plasma vol- 
ume. Sympathetic stimulation was suggested as a basis because the dura- 
tion of changes was shortened by ergotamine [Duthie, Irvine & Kerr (67)]. 

Although Brunner’s glands can be stimulated or inhibited by nervous 
stimulation, resting and food-induced secretion are probably hormonally 
mediated [Grossman (68)]. The influence of the nervous system on absorp- 
tion has been difficult to determine, in part because of the coincident role of 
motility. Ivanov (69) reported that destruction of the cerebral hemispheres 
in frogs decreased the absorption of glucose and water from the intestine, 
but Parker, Tyor & Ruffin (70) could not demonstrate alterations in the ab- 
sorption of I"!-labeled triolein in patients with depressions or manic epi- 
sodes. Gellhorn (71) described excitation of the motility of the gut in cats 
following electrical stimulation of the posterior hypothalamus. This fol- 
lowed manifestations of sympathetic activity during the actual stimulation 
and varied with the strength of the sympathetic effect. Spatial and tem- 
poral summation could be demonstrated, and the phenomenon persisted 
after vagotomy [Gellhorn (72)]. 

The induction of specific conditioning to hydrochloric acid and glucose 
in the intestine is a fascinating example of interoceptors [Vasilevskaia (74)]. 
The effect of the vagus on small-intestinal motility in man has been rein- 
vestigated [Roth & Beams (75)], and an increase in the frequency of ‘‘spasms’’ 
of the gut without change in segmenting or peristaltic waves was found. 
Holaday, Volk & Mandell (76) studied the electrical activity of exteriorized 
small intestinal loops in dogs and noted that local changes in potential ap- 
peared to regulate excitability of contractile elements while the nerve sup- 
ply, among other factors, was concerned with co-ordinating motor activity. 

Richardson examined Auerbach’s plexus with the electron microscope 
and found two possible examples of nerves ending on smooth muscle (77). 
He found no support for the hypothesis that the interstitial cells are the 
final link between the nervous system and smooth muscle. Stimulation of 
the splanchnic nerves in cats in the presence of phenoxybenzamine (Di- 
benzyline) resulted in quite large amounts of norepinephrine emerging from 
the venous outflow from the intestine. Normally this neurohumor may be 
inactivated by combining with tissue receptors [Brown, Davies & Gillespie 
(78)}. 

The isolated gut has been widely used by pharmacologists in the study 
of drug action and in bioassays. Studies of the electrical excitability and con- 
duction of tenia coli of the guinea pig showed that these phenomena oc- 
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curred in ganglion-free strips [Biilbring, Burnstock & Holman (79)]. Burn- 
stock has investigated the action of acetylcholine (80) and of epinephrine 
(81) on this structure. Kosterlitz & Robinson (82) have studied the peris- 
taltic reflex in the isolated guinea pig ileum. They believe the initial phase is 
a reflex contraction of longitudinal muscle in response to radial distention 
and suggest that a non-cholinergic synapse or no synapse may be involved. 
The brown trout has motor nerves to the gut from both the vagus and 
splanchnic. The former ceases at the stomach. Burnstock (83) found evi- 
dence that there might be adrenergic fibers in the vagus and cholinergic 
fibers in the splanchnic supply to the stomach. 

The isolated gut has been used to study the action of inhibitors of choline 
acetylation [Gioia & Morspurgo (84)]; GABA [Hobbiger (85, 86)]; 5-HT 
and its precursors [Beleslin & Varagic (87), Biilbring & Crema (88 to 90)]; 
and substance P |Beleslin & Varagic (91)]. 

The electrophysiological events occurring during excitation of a Pacinian 
corpuscle have been elegantly reported by Loewenstein & Rathkamp (92). 
An atypical cholinesterase was found in the nerve ending and core [Loewen- 
stein & Molins (93)]. Diamond, Gray & Inman (94) found that the con- 
centration of Na* in the perfusate profoundly affected both the generator po- 
tential and the propagated impulse in the Pacinian corpuscle. 

In the decentralized colon of an anesthetized dog, two types of reflexes 
were elicited; one from the mucosa resulting in aboral propulsion, and one 
from the muscle which produced inhibition above and below the stimulus. 
The mucosal but not the muscular reflex was abolished by hexamethonium 
{Hukuhara & Miyake (95)]. Burge & Clark (96) found that preservation of 
the posterior vagus supply to the coeliac plexus in man prevented the oc- 
currence of postvagotomy diarrhea. 

The problem of accounting for pain in the presence of liver disease is 
well known to clinicians. Tsai (97) has demonstrated histologically the pres- 
ence of myelinated and unmyelinated nerves with free and encapsulated 
endings in the parenchyma of the liver of man. Median eminence lesions in 
the rat blocked the adrenal ascorbic acid depletion action of histidine and 
inhibited the increase in activity of tryptophan peroxidase in the liver 
{McCann and associates (98)]. 

Nervous regulation of pancreatic secretion remains an obscure problem. 
Dorchester (99) found that vagotomy in rats caused a reduction in secretin 
activity of the intestine but an increase in pancreozymin (enzyme) activity. 

3ilateral subpleural block of the splanchnic nerves and sympathetic trunks 
in conscious dogs decreased the volume response of the pancreas to intra- 
duodenal hydrochloric acid and to intravenous secretin [Kostina (100)]. 


NEUROENDOCRINE RELATIONSHIPS 


Adrenal cortex.—Central nervous system regulation of corticosteroid se- 
cretion has been explored at a number of levels. Hypnotically induced anxi- 
ety was effective in females but not in males in elevating plasma hydrocorti- 
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sone levels by 75 per cent in normal subjects [Persky et al. (101)]. Stepwise 
removal of the brain in dogs down to the hypothalamus produced no 
diminution in output of adrenal steroids in response to operative trauma. 
Secretion continued up to 6 hr. after removal of the hypothalamus, leaving 
the pituitary intact [Story et al. (102)]. In four patients with severe brain 
damage and impaired consciousness there was an increase in the level of 
plasma 17-hydroxycorticoids, and the diurnal pattern varied from day to 
day in the same patient [Eik-Nes & Clark (103)]. Tuchmann-Duplessis & 
Larroche (104) found adrenal cortical atrophy in three anencephalic infants 
with relatively normal hypophyses. Increased plasma levels of 17-hydroxy- 
corticoids in monkeys were reported following stimulation of the antero- 
medial periventricular area of the hypothalamus [Mason (105)] and unilat- 
eral stimulation of the amygdaloid complex [Mason (106)]. Knigge, Penrod 
& Schindler (107) found an inhibitory phase of adrenal corticosteroid output 
in rats 12 hr. after scalding, possibly related to unresponsiveness of the 
pituitary or an inhibitory influence from the hypothalamus. 

Hypothalamic lesions have been found to make rats less sensitive to 
variations in the level of adrenal cortical hormones [McCann, Fruit & 
Fulford (108)]. George & Way (109) found rats with median eminence 
lesions to have a block to adrenal ascorbic acid depletion following morphine 
injection but found also that an antidiuretic response to 1 to 10 mg./kg. of 
morphine could still be obtained. Hypothalamic lesions which selectively 
blocked corticosterone release in rats without altering adrenal ascorbic acid 
depletion have been reported by Slusher (110). The depressant phase of 
ether and the effect of sodium pentobarbital on blood ACTH were blocked 
by decerebration. Normal stimuli may maintain the tone of the pituitary 
for a low rate of release [Royce and Sayers (111)]. Lesions throughout most 
of the diencephalon inhibit compensatory hypertrophy following unilateral 
adrenalectomy, probably as a result of a general disturbance in homeostasis 
[Moll (112)]. 

The identification of the physiologically active agent or agents which 
release ACTH from the anterior lobe appears near at hand. Royce & Sayers 
(113) report a pepsin-labile factor extracted from the median eminence of 
calves with corticotropin-releasing factor properties in rats with lesions of 
the median eminence. They also confirmed McCann’s observation that vaso- 
pressin had similar properties. The corticotropin-releasing factor from the 
neurohypophysis has been reported to be active under similar circumstances 
by Guillemin et al. (114) and by Rochefort, Rosenberger & Saffran (115). 
The latter authors also found that histamine-stressed rats showed a deple- 
tion of corticotropin in the anterior lobe, while the sound of a bell or cold 
exposure produced a fall in both anterior and posterior lobes. A direct action 
of vasopressin on the adrenal cortex to release hydroxycortisone in dogs was 
noted by Hilton et al. (116, 117). Jérgensen & Nielsen found that lysine- 
vasopressin caused shedding of hyperkeratinized skin in toads with median 
eminence lesions but was ineffective in hypophysectomized animals (118). 
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Aldosterone.—Destruction of the ventral diencephalon reduced output 
of adrenal steroids in cats. An even greater fall in aldosterone output was 
produced by lesions in the reticular formation of the midbrain and caudal 
diencephalon. Lesions extending into the rostral half of the pons specifically 
increased aldosterone output [Newman, Redgate & Farrell (119)]. Gowen- 
lock, Mills & Thomas (120) found that standing in air increased urinary 
output of aldosterone in man compared with recumbency but that standing 
in water did not. Urinary sodium and potassium excretion both decreased. 
Constriction of the inferior vena cava increased aldosterone effluent from 
the adrenal, while release of the constriction decreased it. Cutting the vagi 
prevented only the decrease |Mills, Casper & Bartter (121)]. Anderson, 
McCally & Farrell (122) found that in anesthetized dogs, in open-chest ex- 
periments, stretching the right atrium with sutures led to a reduction in the 
secretion of aldosterone. 

Adrenal medulla.—Stimulation of the anteromedial parts of the ventral 
orbital cortex in cats caused the secretion of epinephrine from the adrenal 
gland but led to no significant change in norepinephrine secretion [von Euler 
& Folkow (123)]. Stimulation of the splanchnic nerves in eviscerated cats 
increased the epinephrine and norepinephrine in venous effluent but de- 
creased the content of these substances in the adrenal gland [Eade & Wood 
(124)]. The basal suprarenal medullary secretion in vagotomized dogs may 
be blocked by increasing the intraluminal pressure in isolated but innervated 
carotid sinus preparations. Denervation then is followed by a sevenfold in- 
crease. Intravenous insulin increased the output of epinephrine markedly 
{De Schaepdryver (125)]. It was also found by De Schaepdryver & Van der 
Stricht (126) that after medullo-adrenalectomy the output of epinephrine in 
response to histamine was 10 per cent of that in intact dogs, while the nor- 
epinephrine discharge was about 75 per cent. Evidence for central regulation 
of medullary secretion was provided by the observation that the dose of 
epinephrine required to reduce the level of release from an irrigated isolated 
adrenal im situ was much increased by lowering the arterial blood pressure 
by hemorrhage in the dog [Malmejac et al. (127)]. Stimulation of the dorso- 
medial and lateral nuclei in the anterior hypothalamus in anesthetized cats 
produced a marked increase in venous epinephrine outflow and a much less 
striking increase in norepinephrine [Grant et al. (128)]. Moyer & Bunnell 
failed to modify the acquisition of an avoidance response in rats by adrenal 
demedullation (129). Shapiro found that phenoxybenzamine (Dibenzyline) 
given to rats caused an increase in the urinary excretion of norepinephrine 
and a decrease in its organ content. No significant change occurred in the 
urinary excretion of epinephrine (130). 

Diabetes insipidus Hypothalamic lesions produced this disease in rats 
most frequently and most severely [Alexander (131)]. Dogs with diabetes 
insipidus showed wide irregularities in renal clearance and required exogen- 
ous vasopressin in order to show the usual natriuretic action of oxytocin 
[Brooks & Pickford (132)]. Section of the supraopticohypophyseal tracts in 
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a dog producing diabetes insipidus was followed by ovariectomy. Thereafter 
uterine motility and urinary excretion of sodium and potassium were re- 
fractory to oxytocin or sucrose [Baird & Pickford (133)]. Legait & Legait 
(134) found histologic evidence for an efferent pathway for neurosecretory 
material from the hypothalamus to the habenula in the chick. Extracts of 
the habenula showed antidiuretic activity in the toad. 

Gonadotrophins—Evidence for an influence of the hypothalamus on 
gonadotrophin secretion is accumulating. The anterior lobe of the 16-day 
chick embryo grown in culture with hypothalamus of the same age produced 
a factor with gonadotropic activity on the male embryonic chick gonad 
|Moszkowska (135)]. Retransplantation of the pars distalis from the kidney 
to the median eminence in rats restored deficits of ACTH, thyroid-stimu- 
lating hormone, follicle-stimulating hormone, and luteinizing hormone 
[Nikitovitch-Winer & Everett (136)]. Critchlow produced mesencephalic 
lesions in the rat which prevented ovulation (137). In the anesthetized ani- 
mal the same investigator produced ovulation by electrical stimulation in 
the region from the optic chiasm to the infundibular stalk (138). By means of 
hypothalamic lesions in female rats, Law & Meagher (139) found that gona- 
dotropic effects were more diffusely represented topographically than mating 
behavior. Bogdanove & Schoen (140) found that lesions of the arcuate 
nucleus in female rats were followed by evidence of hyperestrinism and by 
ovarian luteinization. They speculated that the lesions had destroyed an 
inhibitor or acted as an irritant. 

Milk ejection—Harris has succinctly reviewed the present status of 
neurohumoral regulation (141). The innervation and anatomy of the mam- 
mary gland of the sheep and goat have been presented by Linzell (142). 
In an elegant series of experiments, Holland, Cross & Sawyer (143, 144) 
have shown that intracarotid injection of hypertonic saline into rabbits 
caused milk ejection but that this may be masked by central sympathetic 
discharge or epinephrine. This effect can be abolished by spinal cord or 
midbrain section. They were also able to record coincident bursts of elec- 
trical activity in the region of the olfactory tubercle followed by periods of 
suppression of activity. Acetylcholine iodide or epinephrine-in-oil was found 
to induce growth and secretion from the mammary glands of virgin rats 
after administration of estradiol and to retard involution and sustain lacta- 
tion after parturition [Meites (145)]. 

Thyroid.—Hypothalamic lesions were shown to impair goitrogenesis in 
the guinea pig [Bogdanove & D’Angelo (146)], produce selective atrophy of 
the reproductive tract [D’Angelo (147)], and reduce maximal circulating 
thyrotrophin levels without changing relative amounts of iodine-containing 
hormones in the gland [Florsheim (148)]. Harris & Woods (149) employed 
hypothalamic stimulation by remote control to rabbits and found that it 
produced increased thyroid uptake of I"*. Ovulation occurred in 20 rabbits 
with lesions in the median eminence. Inhibition of I'*! uptake occurred 6 to 9 
hr. after injection of thyroxine into the anterior hypothalamus of rats but 
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immediately after injection into the pituitary (anterior lobe) [Yamada & 
Greer (150)]. 

Miscellaneous.—Tibial cartilage growth was stimulated in normal rats 
by posterior pituitary extract and by pitressin but these were without effect 
in hypophysectomized rats. Sornatotrophin also increased epiphyseal cartilage 
growth, suggesting that postpituitary hormones released somatotrophin from 
the anterior lobe [Del Vecchio, Genovese & Martini (151)]. Evidence for a 
role of the pineal in the central nervous system control of catechol amines 
was found by Quay (152) who noted an increase in pineal succinic dehydro- 
genase activity 1 to 8 hr. after norepinephrine or DOPA injection. There 
was also a doubling of enzyme activity in the first 6 wk. of postnatal life in 
rats. Brewer & Quay (153) found no change in the incorporation of P*- 


labeled phosphate into phospholipids of the pineal gland after ovariectomy 
or estrogen treatment in rats. 


CIRCULATION 


Central control mechanisms.—Kit (154) reported successful conditioning 
of a rise in arterial blood pressure and an increase in the amplitude and rate 
of respiration in dogs obtained by combining phrenic nerve stimulation and 
an electric buzzer, but the experiment failed in cats. Electroshock therapy 
in man was followed by a marked increase in central venous pressure as de- 
termined by catheterization. The rise began within 5 sec. and reached a 
maximum after 5 to 20 sec. [Ross et al. (155)]. Blood pressure responses in 
restrained conscious cats during electrical stimulation of the amygdala were 
invariably characterized by a fall in pressure; during the after discharge this 
amounted to 5 to 45 mm. Hg. The magnitude of the drop was influenced by 
the duration of the after discharge and its frequency [Andy et al. (156)]. 

Reflex mechanisms.—Excitation of carotid sinus reflexes was elicited by 
direct stimulation of the nerve at the time of surgery [Carlsten et al. (157)]. 
Baroceptors and chemoreceptors in the sino-aortic area were demonstrated 
in two species of monkeys [Heymans (158)]. Daly & Luck (159) found that 
the effect of raising the pressure in an isolated carotid sinus was to decrease 
pulmonary artery blood flow and pressure secondary to slowing of the heart 
and its action on the systemic circulation. Artificially ventilated dogs showed 
a bradycardia in response to stimulation of the carotid bodies, but spon- 
taneously ventilated animals gave variable results probably because of a 
reflex from the lung producing a tachycardia [Daly & Scott (160)]. 

Aviado & Schmidt (161) concluded that the reflex bradycardia following 
increased inflow into the left side of the heart was caused by stimulation of 
receptors in the left ventricle rather than in the atrium, and was dependent 
upon an intact vagus. The decrease in systemic blood pressure and heart 
rate following increased resistance to the output of the right heart was 
abolished by vagotomy. The effects of increasing right atrial pressure were 
modified but not abolished by vagotomy [Barer & Kottegoda (162)]. 

Intra-arterial injection of ACh, but not epinephrine, into the superior 
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mesenteric artery of the dog induced apnea and inhibited motility in a proxi- 
mal loop of intestine while stimulating it in a distal loop. These effects 
persisted after vagotomy but were abolished by cutting the splanchnics. 
The afferent fibers stimulated were thought to be pain fibers [Riker (163)]. 
Stimulation of the greater splanchnic nerve in anesthetized dogs increased 
blood pressure and resistance in both hepatic artery and portal vein, as did 
epinephrine injection into the hepatic artery. Injection of ACh into the 
hepatic artery increased flow in both the hepatic artery and portal vein 
{Green et al. (164)]. Sarnoff & Yamada (165) found that arterial hypotension 
in the pancreas produced by occluding the principal vessel produced a rise 
in femoral arterial blood pressure equal to or greater than bilateral carotid 
occlusion in the cat. Bilateral vagotomy had no effect but tetraethylam- 
monium chloride prevented the response. External occlusion of the aorta 
inhibited respiration by way of a reflex traveling over the dorsal roots of T; 
to Ts. Internal aortic occlusion inhibited respiration via sino-aortic receptors 
[Gilfoil et al. (166)]. 

The volume pulse measured by plethysmography in response to tilting 
was found to be greater in amplitude in older subjects than in young ones 
[Simonson (167)]. Plasma concentrations of epinephrine and norepinephrine 
were measured following acute postural change in normal subjects. In an 
adrenalectomized patient the norepinephrine concentration rose in the nor- 
mal fashion [Hickler et al. (168)]. 

The phemonenon of sinus arrhythmia was studied in man by Manzotti 
who concluded that it was caused primarily by variations in blood flow and 
distribution (169). Koepschen & Thurau (170) studied the phenomenon in 
dogs under the influence of succinylcholine and were able to differentiate 
reflex mechanisms mediated through pressor receptors from changes in 
central tone. 

Miscellaneous.—Hypertension and arrhythmias prevented by hexa- 
methonium followed intracisternal injection of potassium chloride solutions. 
Pricking of the medulla during cisternal puncture produced ECG changes 
resembling acute myocardial infarction in dogs [Cooper, Holm & Bellet 
(171)]. Hexamethonium produced a prompt fall in venous pressure and 
systemic blood pressure in patients with congestive heart failure while only a 
fall in blood pressure occurred in controls; there was no change in blood 
volume [Lewis, Cardenas & Sandberg (172)]. The increase in resistance and 
reduction in flow through the mesenteric bed of dogs with increases in portal 
venous pressure were thought not to be of reflex origin [Selkurt & Johnson 
(173)]. Stimulation of the chordolingual nerve in anesthetized cats led to an 
escape of plasmakinin-forming enzyme which accounted largely for the vaso- 
dilatation [Hilton & Lewis (174)]. 

Heart.—By combining elaborate recording devices with experimenta- 
tion on unanesthetized dogs, Rushmer (175) was able to show that the 
cardiac response to exercise was most closely simulated by direct excitation 
of the nerves to the heart or by stimulation of selected sites in the hypo- 








NERVOUS SYSTEM (VISCERAL FUNCTIONS) 485 


thalamus and subthalamus. In anesthetized dogs, transcranial electrical 
stimulation caused an initial bradycardia and cardiac arrest dependent upon 
the vagi, followed by a later rise in arterial blood pressure which could be 
blocked by tetraethylammonium chloride or cord section. The second phase 
was reduced two-thirds by bilateral adrenalectomy [Colville et al. (176)]. The 
effect of vagal stimulation of the isolated heart or atria has been shown to 
depend upon the frequency of stimulation and the beating of the heart 
{|Yonce & Brassfield (177)]; the strength of stimulation [Benforado (178)]; 
and the state of contraction [Burn & Rand (179)]. Opitz & Weiss (180) have 
derived an equation in an attempt to reduce some of the variables to a quan- 
titative expression. 

The role of catechol amines in cardiac function is better understood. The 
observation that reserpine can release norepinephrine from the heart 
{[Paasonen & Krayer (181); Bejrablaya, Burn & Walker (182)] has been a 
useful investigative tool. The effect of reserpine on heart rate reflected the 
cardiac content of norepinephrine. It required 10 to 20 days for the normal 
stores of norepinephrine to be replenished [Waud, Kottegoda & Krayer 
(183)]. Lee & Shideman (184) found that the diminished amplitude of con- 
traction of cat cardiac papillary muscles paralleled the decreased content of 
catechol amines after reserpine. The net effect of intravenous infusions of 
catechol amines in open-chest experiments on anesthetized dogs was to in- 
crease cardiac oxygen consumption but to decrease external mechanical 
efficiency [Gerola, Feinberg & Katz (185)]. 

Mizeres (186) has traced the origin of the cardioaccelerator fibers in the 
dog to the T, and T; level of the sympathetic trunk on the right side. De- 
generation studies showed that sympathetic fibers were carried in the 
thoracic vagus. In anesthetized dogs in open-chest experiments, electrical 
stimulation of the stellate ganglia caused an increase in force of contraction 
of both ventricles. The arterial pulses were characterized by an increase in 
rate and volume of systolic ejection [Kelso & Randall (187)]. 

The nature of the potentiating substance causing increasing contraction 
in response to repeated stimuli seems to be related to norepinephrine. 
Whalen, Fishman & Erickson (188) found that the staircase effect in cat 
papillary muscle or atrial strips could be reproduced by norepinephrine and 
largely abolished by prior sympathetic denervation. Using guinea pig atria, 
Furchgott, De Gubareff & Grossman (189) found that the response to supra- 
threshold stimulation and to epinephrine could be blocked by 1,2-isopropyl- 
aminoethanol chloride, an adrenergic blocking agent. 

Modern methods for recording action potentials have made it possible 
to explore the conductive tissue of the heart in great detail. The bundle of 
His can be regarded as divided into two zones; one of these is functionally 
much closer to the atria. Vagal stimulation, ACh, and epinephrine all acted 
on this zone rather than on the H-V zone nearer the ventricle [Alanis, 
Gonzalez & Lopez (190)]. With intracellular electrodes it was shown that 
ACh in concentrations of 1X10~* to 1X10~ acted on the atrioventricular 
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node of the rabbit heart to produce atrioventricular dissociation. The results 
were interpreted as evidence of a decremental transmission of excitation 
through the atrioventricular node [Cranefield, Hoffman & de Corvalho 
(191)]. Benforado (192) demonstrated a depressant effect of ACh on the 
idioventricular pacemaker of the isolated perfused rabbit heart. Physostig- 
mine augmented and atropine prevented this effect, suggesting a cholinergic 
mechanism on a mammalian ventricle. The action of ACh in restoring 
excitability and rhythmicity in the isolated rabbit atria arrested by quinidine 
without changing the membrane potential suggested an action on the ex- 
citatory system [Johnson & Robertson (193)]. Alessi et al. found that direct 
vagal stimulation and reflex stimulation, produced by increasing arterial 
pressure in anesthetized dogs, caused a non-uniform variation of the re- 
fractory period over the surface of the atria which might predispose to 
fibrillation (194). A gradient in terms of ACh, cholinesterase, choline acetyl- 
ase, and sodium was demonstrated from the sinus venosus to the ventricle 
of the turtle and frog hearts. There was a reverse gradient with respect to 
potassium concentration [Mazel & Holland (195)]. The response of the heart 
to acute anoxia in an anesthetized open-chested dog was attributable largely 
to sympathetic stimulation during the period of anoxia and to both sym- 
pathetic and adrenal medullary discharge during postanoxic reoxygenation 
[Woods & Richardson (196)]. 

Special circulations—The role of the autonomic nervous system with 
respect to a direct action on the pulmonary vessels is still controversial. In 
the anesthetized dog, the main action of norepinephrine was a pressor effect 
mediated through the systemic circulation, but in the spinal animal the 
pressor effect was much increased, possibly because of sensitization |Nahas & 
MacDonald (197)]. Daly & Luck (198) found a transient fall in pulmonary 
pressure and blood flow after administration of epinephrine and norepi- 
nephrine and then a rise to above the original values. Vagotomy prevented the 
bradycardia and fall in pulmonary blood pressure and blood flow. In the 
isolated, perfused dog lung, epinephrine, norepinephrine, histamine, and 
5-HT all increased the small pulmonary vein pressures and so produced 
constriction of veins larger than 1.2 mm. in diameter [Gilbert et al. (199)]. 

Clinicians have been concerned with pulmonary hypertension and pul- 
monary embolism. Wood (200) found that injections of ACh into the pul- 
monary arteries of patients with mitral stenosis and pulmonary hypertension 
reduced pulmonary blood pressure. In another series the fall in blood pres- 
sure occurred whether the patient was hypertensive or not, and at rest as 
well as during exercise. There was an associated decreased arterial oxygen 
saturation suggesting increased intrapulmonary shunting [Soderholm & 
Werko (201)]. In experimental pulmonary embolism, atropine was found to 
prevent pulmonary hypertension in the rabbit when vagotomy failed [Byrne 
& Cahill (202)]. Thoracic sympathectomy but not vagotomy prevented post- 
embolism pulmonary hypertension in dogs [Weidner & Light (203)]. Hexa- 
methonium before embolism increased the dog’s tolerance to embolization, 
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presumably by permitting the emboli to pass out farther into the capillaries 
{Moore et al. (204)]. 

The production of pulmonary congestion increased the frequency of dis- 
charges from single fibers from pulmonary stretch receptors in cats [Con- 
stantin (205)]. Cooling the vagi to 0 to 10° C. prevented the rapid shallow 
breathing [Marshall & Widdicombe (206)]. Cunningham, Hey & Lloyd (207) 
showed that intravenous norepinephrine increased the sensitivity of the 
pulmonary response to Pco: in healthy human subjects. Transection of the 
cord at C;, bilateral vagotomy, and discrete lesions in the vagal nuclei all 
produced pulmonary edema in guinea pigs [Borison & Kovacs (208)]. 

The response of the pulmonary circulation in hypoxia has been reported 
to be purely passive in anesthetized dogs [Rodbard & Harasawa (209)]. In 
heavy exercise the addition of oxygen to inspired air lowered ventilation, 
suggesting that the response to heavy exercise is partly mediated through a 
hypoxic chemoreceptor drive and partly caused by the accumulation of 
metabolites from muscles [Asmussen & Nielsen (210)]. Perfusion of the right 
atrium with oxygenated blood during hypoxia reduced pulmonary artery 
pressure, suggesting the presence of receptors in the pulmonary capillaries 
{[Boake, Daley & McMillan (211)1. 

Szentivanyi & Nagy (212) summarized the multiple factors concerned in 
the regulation of coronary blood flow. They concluded from their own work 
on the isolated cat heart that vagal stimulation was without effect and that 
the accelerator branches to the heart contained fibers producing constriction 
blocked by hexamethonium and ergotamine, postganglionic adrenergic 
fibers not inhibited by hexamethonium, and coronary dilatation-producing 
fibers blocked by hexamethonium and atropine. There was evidence of 
sympathectic fibers in the vagus and fibers running to the parasympathetic 
ganglia in the cardiac nerve. In open-chested dogs, Denison & Green (213) 
also found little effect of vagal stimulation, while sympathetic stimulation 
slightly reduced coronary blood flow. Berne worked with beating, fibrillating, 
and arrested hearts in dogs and found that epinephrine or norepinephrine, 
after a transient decrease, increased coronary blood flow as a result of its 
effect on myocardial metabolism (214). Cervical vagotomy in anesthetized 
dogs increased coronary blood flow but decreased the efficiency of the left 
ventricle. Bilateral sympathectomy was followed by a decrease in coronary 
blood flow and an increase in left ventricular efficiency [Scott & Balourdas 
(215)]. Okinaka and co-workers (216) found a factor in coronary sinus blood 
after sympathetic stimulation with the properties of ATP which, they 
speculated, represented metabolites released during stimulation. 

Aviado, Wnuck & DeBeer (217) found that levarterenol and epinephrine 
constricted renal blood vessels in the anesthetized dog after both intra- 
arterial and intravenous injections, whereas ephedrine was effective only 
after injection into the artery. Denervation of the kidneys resulted in a 
greater augmentation of intrarenal resistance as a function of flow rate, and 
a failure of resistance to increase with venous pressure when renal blood flow 
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was held constant [Haddy et al. (218)]. Denervation of the kidney prevented 
the oliguria of diffusion respiration in dogs; para-aminohippuric acid clear- 
ance was reduced but to a lesser degree [Bohr, Rolls & Westermeyer (219)]. 
The oliguria and ischemia following the inhalation of 30 per cent carbon 
dioxide was prevented by local block of the peripelvic area in dogs [Stone 
et al. (220)]. 

The action of ACh in increasing blood flow through isolated small in- 
testinal segments prior to its effect on motility was demonstrated by Bean & 
Sidky (221). Herzig & Root (222) found that stimulating the peripheral cut- 
end of the vagus decreased pressure in the bone marrow while unilateral 
denervation of the blood vessels supplying a femur was followed by an in- 
creased pressure and vasodilatation. 


NERVOUS REGULATION OF Bopy FLUIDS 


Examination of specimens of the strikeback (Gasterosteus aculeatus) 
from fresh and salt water showed no histologic differences in the supraoptico- 
hypophyseal cell structure. Transfer into more hypertonic sea water mark- 
edly decreased the secretory granules; transfer into hypotonic sea water 
produced no change in the preoptic cells but did produce a depletion in the 
tracts and Hering bodies [Fridberg & Olsson (223)]. An accumulation of 
secretory material in the subcommissural organ of rats was seen during 
dehydration [Gilbert (224)]. 

Stimulation of electrodes in the anterior hypothalamus in cats increased 
the serum potassium, while stimulation of the preoptic region caused a fall 
{[Aburaya et al. (225)]. Positive pressure breathing decreased urine flow 
primarily by decreasing free water clearance with a decrease in glomerular 
filtration rate as a contributing factor. Negative pressure breathing in- 
creased free water clearance without changing the glomerular filtration rate. 
This effect was blocked by pitressin |Murdaugh, Sieker & Manfredi (226)]. 

Bilateral vagotomy did not block the diuretic and natriuretic response 
to intravenous plasma but reduced it 80 per cent [Atkins & Pearce (227)]. 
Vagotomy or denervation of the carotid sinus, or both, did not prevent the 
diuresis after expansion of plasma volume [Pearce (228)]. 

Secretion from the salt gland of the herring gull was stimulated by intra- 
venous hypertonic saline and by stimulation of its secretory nerve. Stimula- 
tion of the cervical sympathetic was without effect, while atropine blocked 
secretion stimulated by both hypertonic saline and nerve |Fange, Schmidt- 
Nielsen & Robinson (229)]. 

Chien (230) found a reduction of plasma volume in splenectomized dogs 
submitted to sympathectomy and a slower rate of hemodilution after hemor- 
rhage. The relationship of blood volume to mean arterial blood pressure was 
no longer linear. 


EFFECTS OF THE NERVOUS SYSTEM ON METABOLISM 


Hypothalamic lesions producing hyperphagia in one member of a pair 
of parabiotic rats resulted in the other member becoming thin, probably 
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through reduced food intake. Subsequent hypothalamic lesions in the lean 
member produced hyperphagia [Hervey (231)]. Much interest has been 
aroused in the role of the nervous system in fat metabolism. Stressful inter- 
views were found to increase plasma non-esterified fatty acids in normal 
human subjects [Bogdonoff, Estes & Trout (232)]. During the postoperative 
period a lipid-mobilizing factor was present in the plasma of patients. An 
increase in cholesterol and fatty acids in venous blood from antecubital and 
omental veins occurred. The arterioventricular difference in fatty acids 
between omental artery and vein increased 221 per cent while cholesterol 
differences fell 32 per cent [Zarafonetis et al. (233)]. Intravenous epinephrine 
increased non-esterified fatty acids without change in plasma-clearing factor 
in man [Engleberg (234)]. Studies on the epididymal fat pad from rats 
showed that epinephrine and norepinephrine stimulated the production of 
non-esterified fatty acids in the presence of rat plasma [White & Engel 
(235)], while mobilization of fat from the fat pad of an adrenalectomized 
rat was inhibited by ergotamine [Levy & Ramey (236)]. Cutting the nerve 
to the interscapular brown fat on one side in the rat prevented the action of 


insulin in causing the accumulation of glycogen in the fat cells [Verne & 
Maillet (237)]. 


NERVOUS REGULATION OF THE GENITO-URINARY TRACT 


Explants of the early neurulae of Amblystoma maculatum containing 
neural plate and somite mesoderm showed differentiation into nephric 
tubules two to four times as often as mesoderm alone [Muchmore (238)]. 
Osmotic diuresis from glucose in diabetics and from alcohol in normal sub- 
jects inhibited insulin-induced antidiuresis. Insulin was without effect in 
a patient with diabetes insipidus |Murdaugh, Robinson & Doyle (239)]. A 
variable diuresis in dogs was reported after sham drinking [Berkin (240)]. 
Cervical vagotomy and section of the cervical cardiac branches did not 
affect the diuresis following administration of intravenous isotonic sodium 
chloride in the rat [Keeler & Schnieden (241)]. Chronic spinal dogs lost ex- 
cessive water, sodium, and potassium in their urine and developed hypo- 
natremia [Balint & Fekete (242)]. 

Human subjects were able to perceive warmth when the bladder was 
irrigated with solutions at 1° C. above normal bladder temperature but 
cold was not regularly noted until the temperature was 15° C. below normal. 
The absolute level rather than the rate of change appeared more important. 
Results in patients with cord lesions indicated that the afferent pathway 
involved the parasympathetic system [McDonald & Murphy (243)]. Sec- 
tioning of the pelvic nerves in cats and the application of local anesthetics 
to these nerves reduced the electrical activity recorded in the hypogastric 
nerves carrying afferents from the bladder [Marsh, Suzuki & Meyers (244)]. 
From a study of patients subjected to chordotomy, it was concluded that 
the efferent pathway concerned with micturition lies in the lateral column 
of the cord. Unilateral lesions in this region altered the cystometrogram in a 
similar fashion but caused only minor clinical effects [Nathan & Smith 











490 BROOKS 


(245)]. The isolated urethra of the female cat responded to small doses of 
ACh with an increase in resistance. Section of the hypogastric nerves dimin- 
ished this response. Atropine did not block the increase in resistance. Hexa- 
methonium blocked relaxation after pelvic nerve stimulation. These results 
suggest a parasympathetic effect on the urethra through a non-cholinergic, 
postganglionic ending, and they suggest that the inhibition via pelvic nerves 
involves a neurohumor other than ACh [Girado & Campbell (246)]. Section 
of the hypogastric nerves (sympathetic) in the dog had no effect on preg- 
nancy. Section of the sacral roots of the pelvic nerve (parasympathetic) up 
to the fourth week of pregnancy led to miscarriage. Thereafter section 
caused prolongation of pregnancy. After birth of the first pup, others had to 
be delivered manually. All showed evidence of postmaturity. Vulvar hyper- 
trophy was prominent [Abou-Shabanah, Ullery & Wenger (247)!. 


MISCELLANEOUS OBSERVATIONS 


The effect of denervation on action potentials from the rat diaphragm 
has been shown to include a decrease in the overshoot of depolarization, a 
prolongation of repolarization, and a positive after-potential [Kuschinsky, 
Liillmann & Pracht (248)]. An expansion of the extracellular space also oc- 
curred [Liillmann (249)]. Atrophy of the diaphragm in the dog following 
phrenic section could be prevented by primary anastomosis in the absence 
of respiratory movements [Jefferson, Ogawa & Necheles (250)]. Normal 
function in the rat hemidiaphragm after phrenic section was restored by 
vagophrenic anastomosis [Guth & Frank (251)]. 

Properties of C fibers concerned in the mediation of reflexes from the 
gastrointestinal tract and bladder [Iggo (252)], and pressor and depressor 
responses in the circulation [Bonhoeffer, Kramer & Muhl (253)], have been 
studied. The relation of ionic movements to the action potential of C fibers 
of the cervical sympathetic has been investigated [Greengard & Straub 
(254)]. 

By means of differences in nuclear size and staining of the cells of different 
strains of frogs it was possible to show that the sympathetic ganglia originate 
from both the neural crest and the basal plate of the spinal cord. The relative 
contribution depended upon the stage of development [Triplett (255)]. In 
spinal dogs during the period before a pressor response could be obtained by 
stimulating the sciatic nerve, distention of the stomach with hot or cold 
water produced a hypotensive response. Spinal anesthesia and removal of 
the caudal part of the transected cord had a similar effect [Durmishian (256)]. 
Visceral afferent responses in the spinal cord were recorded after splanchnic 
stimulation in cats immobilized with gallamine triethiodide (Flaxedil). 
Stimulation of the ventromedial reticular formation inhibited responses 
central to the first relay station in the cord. Decerebration caused an ex- 
tinction of evoked responses in the cord on splanchnic stimulation [Tolle, 
Feldman & Clemente (257)]. 

During insulin hypoglycemia, electrical activity from the cortical and 
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rhinencephalic area of the rabbit brain was measured. The cortical alerting 
response to painful stimuli was lost first, followed by the spontaneous EEG. 
Spike discharges occurred in the hippocampus and amygdala unaccom- 


panied by somatic motor hyperactivity [Van Meter, Owens & Himwich 
(258)]. 
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To speak of trends in research during a period of one year has little mean- 
ing. But if research developments in the field, higher functions of the central 
nervous system, for the last ten or fifteen years are considered, a number of 
definite trends may be pointed out. New experimental techniques have been 
devised and techniques used in other areas of research have been borrowed 
and adapted for application to the study of “higher functions’’. The use of 
electrophysiological techniques is an important example of this progress— 
from acute experiments on anesthetized animals to implanted electrodes, 
even microelectrodes, in unanesthetized behaving animals. Another most 
important example of progress may be seen in the increased use of behavioral 
training and testing techniques. Experimenters have not been satisfied with 
simply describing the behavior of an animal before and after manipulation of 
some physiological variable. Wherever possible, and it usually has been pos- 
sible, the animals’ responses have been recorded and measured in a system- 
atic fashion. Progress in the development of biochemical techniques has 
been more slow but this is largely because of difficulty of communication 
between those expert in the use of biochemical techniques and those expert 
in the study of higher functions of the nervous system. As physiologists, 
psychologists, and anatomists become better acquainted with biochemistry 
and biochemists learn about the brain and its role in adaptive behavior, an 
acceleration of progress in this important field of study is to be expected. 

A second trend in research on higher nervous system function has been 
the application of both old and new methods to many new problems. Studies 
of such classical problems as sensory discrimination, learning, and memory 
continue; in addition, numerous investigators are seeking to clarify the com- 
plex neural mechanisms of emotion, motivation, sleep, attention, and con- 
sciousness. 

A third trend which is becoming increasingly apparent is the use of a 
variety of techniques in a single experiment or in a series of experiments. 
Techniques belong less and less to a particular specialty. The anatomist, the 
physiologist, and the psychologist, each borrows the techniques of the others 
and by so doing widens the scope of his research. 


ABLATION STUDIES 
Ablation studies, if wisely conceived, should be guided by knowledge of 


anatomical structure. An abundance of new information concerning neural 


1 The survey of literature pertaining to this review was concluded in June, 1959. 
2 The following abbreviations have been used in this chapter: CS (conditioned 
stimulus); CR (conditioned response); US (unconditioned stimulus). 
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structures is available from anatomical and electrophysiological studies. 
Responses may be evoked by sensory stimuli from areas of cortex which have 
not been considered as projection areas. In terms of both thalamic connec- 
tions and characteristics of their electrical responses to sensory stimuli, the 
projection areas appear to have a number of subdivisions. Recurrent (effer- 
ent) nerve fibers have been discovered in each of the main sensory systems. 
Some evidence is available indicating that these recurrent fibers follow a 
relatively restricted route in the afferent pathways and centers. Additional 
cortical and subcortical connections of the areas of cortex usually called 
“‘association”’ areas have been discovered. The complicated interrelations of 
the centers making up the limbic system are gradually being clarified, and 
detailed studies of the reticular formation reveal subdivisions which suggest 
special functions. These few examples are sufficient to show that new studies 
of nervous system function are continually being made possible by advances 
in knowledge of structure. 


PRIMARY PROJECTION AREAS OF CEREBRAL CORTEX 


Sensorimotor areas.—In contrast to the visual and auditory systems, 
careful studies of tactual discrimination before and after ablation of somatic 
afferent areas of the cortex have been few. One difficulty has been the de- 
velopment of adequate behavioral tests. 

Kruger & Porter (83) have reported a severe tactile deficit in the contra- 
lateral hand after unilateral ablation of somatic areas I and II (SI and SII) 
in the monkey. A simple form discrimination learned before operation could 
be relearned. When lesions were placed in the precentral agranular cortex, 
form discrimination was retained although there was some disturbance of 
reflex response to tactual stimuli. Combined ablations of pre- and postcentral 
arm areas resulted in a lasting loss of the ability to make a form discrimina- 
tion on the basis of tactual cues although a similar discrimination with visual 
cues was unaffected. The authors point out that the precentral area, which from 
the results of thisstudy and others (12, 43, 87,98, 99, 144, 146, 191) appears 
to be involved in tactual discrimination, differs from the postcentral area in 
terms of its afferent projection. They suggest that it may subserve a crude 
form of nonlocalized cutaneous sensation. Orbach & Chow in a similar study 
(138) tested monkeys on somesthetic discriminations of form, size, roughness, 
and complex pattern before and after bilateral ablations of somatic areas. 
They found loss of the learned discriminations and difficulty in relearning 
after removal of SI. The severity of the deficit was not markedly increased 
when the ablation was extended to include SII and Brodmann’s areas 5 and 
7. Very little loss occurred after ablation of SII only. 

Sperry (166) sectioned the corpus callosum of cats and isolated the sen- 
sorimotor cortex of the right cerebral hemisphere by ablating surrounding 
cortical tissue. In these preparations, somesthetic discriminations learned 
with the left forepaw were retained and new discriminations were learned at 
a rate typical of the normal animal. Large ablations within the somatic area 
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produced severe deficiencies in discriminations involving the contralateral 
forepaw but did not affect learning when the ipsilateral forepaw was used. 

Weinstein et al. (182) have found permanent impairment of roughness 
discrimination in human patients with penetrating brain injuries. The most 
severe losses occurred in patients with large lesions involving the infero- 
lateral portion of the sensorimotor region. The losses showed up most clearly 
on tests in which simultaneous comparisons were made with the two hands. 
With both right and left cerebral damage, tactual deficiency was typically 
greater for the left hand. In a brief general summary, Teuber (172) has re- 
ported that damage to pre- and postrolandic areas in man results in per- 
manent raising of thresholds to tactual stimuli. This finding confirms those 
of many earlier studies. On more complex tactual discriminations, that is, 
matching two objects perceived only by touch, these same patients show 
impairment when performing both with the hand ipsilateral as well as con- 
tralateral to the side of brain damage. On some complex tactual discrimina- 
tions, deficiencies in performance are found for patients with brain damage 
regardless of the area of damage. 

Visual areas.—In experiments involving the effects of bilateral ablation 
of cortical areas on learned sensory discrimination, several experimenters 
have reported differences between results obtained where surgical ablations 
are done in two stages (one hemisphere and then the other) and where they 
are done in one stage (2, 168, 170). Loss of the learned habit occurs typically 
after ablations done in one stage; the habit may, however, be relearned. 
The learned habit may be retained when the ablation is done in two stages. 
The time interval between the two stages is important (168). To clarify 
further the conditions critical for what has sometimes been called ‘“‘spon- 
taneous reorganization”’ in the two-stage procedure, Meyer, Isaac & Maher 
(106) varied the environmental conditions between operations on rats trained 
to make a visual discrimination before and after two-stage bilateral removal 
of visual projection areas. Animals kept in a dark box between operations 
required a longer time for relearning after the second operation than did 
animals kept in lighted home cages. The visual experience acquired during 
the time between the two stages of the ablation appears to be of critical im- 
portance. 

Cats with the optic chiasm sectioned longitudinally, so that the crossing 
fibers are eliminated, can be taught a visual discrimination with one eye, the 
other eye being covered, and after learning can immediately make the dis- 
crimination correctly with the formerly covered eye (120, 121, 123). An 
intact corpus callosum is necessary for this transfer. In a recent experiment 
Myers (122) used the chiasm-sectioned preparation to examine the effects of 
training the two eyes separately on conflicting discriminations. One eye was 
trained to make a discrimination in which two vertical bars were the positive 
stimulus and two horizontal bars were the negative. The second eye was 
given training on a similar discrimination in which a single horizontal bar 
Was positive and a single vertical bar negative. Transfer tests for the un- 
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trained eye, in each instance, resulted in incorrect choices. If, for example, 
an animal had responded to the two vertical bars as positive with the left 
eye, he tended to respond to the two horizontal bars as positive with the 
right eye, which had been given prior training with one horizontal bar as 
positive. Myers concludes that direct sensory experience via the main afferent 
pathways predominates over experience transmitted from one hemisphere to 
the other by way of the corpus callosum. 

An impairment of flicker-fusion thresholds has been reported by Parsons 
& Huse (140) for 13 operated and 13 non-operated patients with brain dam- 
age, the damage not necessarily involving the occipital lobes, and by Bat- 
tersby & Bender (10) for patients with brain damage but with no perimetric 
evidence of visual loss. Teuber (172) has described the kinds of changes in 
visual perception seen in man after penetrating lesions of the central nervous 
system. Specific visual field defects are found after damage to visual path- 
ways. In conjunction with visual field defects but not restricted to areas of 
scotoma are found losses such as reduction of flicker-fusion thresholds and 
impairment of movement perception, dark adaptation, and tachistoscopic 
vision. Other more general changes in visual perception, for example, diffi- 
culty in perceiving ‘‘hidden’”’ figures in drawings, are not necessarily the re- 
sult of damage to the primary visual projection system but may occur in 
patients with damage in any lobe and in either cerebral hemisphere. 

Auditory areas.—That frequency discriminations can be made by cats 
after bilateral ablation of auditory areas I, II, and posterior ectosylvian 
(AI, AII, and Ep) has been reported by Meyer & Woolsey (108) and by 
Butler, Diamond & Neff (21). After ablations extending somewhat beyond 
these areas to include somatic area II (SII) and part of the insular-temporal 
region ventral to AII, Meyer & Woolsey found loss of ability to discriminate 
changes in frequency; Butler, Diamond & Neff, on the other hand, found that 
their animals with similar ablations could learn to make fine discriminations. 
Thompson (174), using the same testing technique as Butler, Diamond & 
Neff, has obtained results which agree with those reported by the latter, 
namely, that frequency discriminations can be learned by cats in which AI, 
AIl, Ep, and SII have been ablated bilaterally. Goldberg, Diamond & Neff 
(58) report that frequency discriminations can be made by the cat after bi- 
lateral ablation of AI, AII, Ep, SII, insular-temporal cortex and the anterior 
part of the suprasylvian gyrus. 

The results of a series of studies on ablation of auditory cortex have been 
summarized by Neff (128 to 130) and by Neff & Diamond (132). (a) A per- 
manent deficit in ability to localize sound in space is found after large bi- 
lateral ablations of auditory areas I, II, and Ep. (b) Fine discriminations of 
change in frequency can be made after bilateral ablation of all known audi- 
tory projection areas of the cortex. (c) The ability to make discriminations 
of temporal patterns of tones is permanently lost after bilateral ablations 
which include AI, AII, and Ep. A loss may occur also after ablation of only 
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insular-temporal cortex. Similar results on frequency and pattern discrimina- 
tion have been found for the monkey. 

Sanchez-Longo & Forster (160) have described loss of ability to localize 
sound in space in patients with unilateral temporal lobe lesions. Typically 
the impairment in localizing was for sound presented in the auditory field 
contralateral to the side of the brain damage. 

In patients with temporal lobe tumors, Bocca and his co-workers (13, 14) 
found impairment in understanding speech when the latter was distorted in 
a number of ways. Scores were lower than normal for the ear contralateral 
to the brain damage when tests of filtered speech, interrupted speech, and 
accelerated speech were used. When the tumor was located in the left hemi- 
sphere of right-handed persons, a deficiency was found in ability to repeat 
long sentences and long lists of words. It made no difference to which ear the 
sounds were presented. De Sa (36) has also reported impairment of speech 
perception in patients with damage to neural pathways or centers of the 
auditory system. Deficiencies could best be detected by analysis of the sounds 
wrongly perceived. For example, mistakes were often made on nasal sounds 
(an, en, in, on, un) by patients with central deafness; these same sounds were 
usually perceived correctly by patients with cochlear deafness. 

Meyer (109) has emphasized the impairment of auditory verbal learning 
ability as the most striking deficiency in patients after temporal lobectomy 
for relief of focal temporal lobe epilepsy. In the cases he studied, no loss in 
general intellectual abilities occurred after ablation of the temporal lobe on 
either dominant or non-dominant side. The impairment in verbal learning 
appeared after operation on the dominant hemisphere. Ability to learn tasks 
with visual and tactual cues was not affected. 


ASSOCIATION AREAS OF THE CEREBRAL CORTEX 


Temporal region.—Wilson & Mishkin (188) used a series of visual dis- 
criminations to compare performance of normal monkeys, monkeys with 
partial bilateral ablations of striate cortex, and monkeys with bilateral abla- 
tion of inferotemporal cortex. The animals with striate cortex damage per- 
formed poorly on a patterned-string test and on size-discrimination. The 
inferotemporal animals were inferior in performance on colored pattern dis- 
criminations. Wilson & Mishkin interpret the results as favoring a theory 
which “‘views the two ‘visual areas’ as interdependent but which grants 
priority in acuity functions to the striate cortex while emphasizing the im- 
portance of the inferotemporal cortex for visual functions related to learn- 


” 


ing. 

Pasik et al. (141) found that monkeys with bilateral ablation of infero- 
temporal cortex were able to learn visual discriminations of form more 
readily if the visual stimuli were large in size. The same investigators have 
also shown that, preoperatively, monkeys will learn to discriminate between 
small targets as rapidly as between large. As in the first experiment, post- 
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operative performance was better on the large targets. The effects of the 
cortical ablation cannot, therefore, be described in terms of “‘difficulty” of 
the discrimination, where difficulty is defined in terms of preoperative learn- 
ing rate. The authors conclude that the deficit is probably caused by impair- 
ment in ‘‘primary’”’ visual capacity. Pasik et al. (142) have also tested visual 
and tactual discriminations of monkeys before and after bilateral ablations 
of lateral parietal, inferotemporal, and frontal lobes. Tests of intensity, form, 
and delayed response were used. In some animals, the bilateral temporal 
ablations resulted in impairment of visual form discrimination. Again, the 
investigators suggest that this impairment can best be explained as the result 
of a defect in primary sensory capacity (perhaps amblyopia resulting from 
the cortical lesion) plus, in some cases, general loss not specific to any sensory 
modality. 

After bilateral ablation of inferotemporal cortex in the monkey, Orbach & 
Fantz (139) and Chow & Survis (28) found no loss in visual discriminations 
on which long overtraining was given preoperatively. On other tasks for 
which less preoperative training was given, relearning was necessary before 
postoperative performance reached the preoperative level. A decrease in ex- 
ploratory responses of monkeys to visual stimuli after bilateral ablation of 
anterolateral temporal cortex has been reported by Symmes (171). 

Chow (24) has studied the effects of various types of temporal lesions on 
retention of visual discrimination tasks. No retention deficit was shown when 
the subcortical connections of the temporal neocortex were severed by under- 
cutting of the cortex. Crosshatching of the cortex, which disrupted cortico- 
cortical connections, resulted in a deficit. These results may indicate that the 
temporal neocortex exerts its influence on visual discrimination learning 
mainly via corticocortical connections. The anatomical nature of these con- 
nections is not clear. The only corticocortical connections between the visual 
area (area 17) and the temporal neocortex are via areas 18 and 19. Lashley 
(85), Chow (22) and Evarts (46) found no visual impairment after ablations 
of areas 18 and 19, although Ades (1, 2) reported a loss of previously learned 
visual habits. 

Several lines of evidence point to the insular-temporal region (cortex 
anterior and posterior to the pseudosylvian sulcus) in the cat as having 
auditory function. Rose & Woolsey (156) and Neff & Diamond (132) have 
found, in examining the medial geniculate body (MG) for retrograde degen- 
eration after cortical ablation, that the posterior tip of MG does not degen- 
erate until the ablation is extended into the insular-temporal cortex ventral 
to AII. Diamond, Chow & Neff (40) have shown that ablation of the insular- 
temporal cortex produces retrograde degeneration in the posterior part of the 
medial geniculate. Goldberg, Diamond & Neff (57) report a loss of pattern 
discrimination after bilateral ablation of the insular-temporal region. 
Konorski (80) has obtained similar results for the dog. Desmedt & Mechelse 
(38) have recorded short latency evoked responses to clicks from the insular- 
temporal region and have labeled a part of it, auditory area IV (AIV). Re- 
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sponses may also be evoked from the same region by flashes of light. Desmedt 
& Mechelse (39) have used the Nauta-Gytax silver method to trace cortico- 
fugal projections from the insular-temporal region to a region in the thalamus 
lying between the medial geniculate and the medial lemniscus. The same 
authors have further found that electrical stimulation of this region of *he 
thalamus suppresses responses elicited in the primary cochlear nucleus by 
sound (37). The insular-temporal region, according to these results, may be 
an important part of the corticofugal system which has been traced from 
auditory cortex to cochlea [see e.g. Rasmussen (149, 150)]. Its connections to 
other cortical and subcortical centers are not well known. 

In the monkey, Akert et al. (3) have discovered a part of the temporal 
lobe which appears to be anatomically homologous with the insular-temporal 
region in the cat. Ablation of cortex in the superior temporal plane immedi- 
ately rostral to the classical auditory area produces retrograde degeneration 
of the posterior pole of the medial geniculate. It remains to be seen whether 
or not this superior temporal area in the monkey is homologous in function 
to the insular-temporal cortex of the cat. It may well be that it is important 
for certain auditory discriminations or for the learning of these discrimina- 
tions. 

Usually no serious psychological difficulties arise from unilateral anterior 
temporal lobectomy, including removal of the hippocampus and _ hippo- 
campal gyrus as well as the uncus and amygdaloid nucleus. Penfield & 
Milner (145), however, have described two cases in which a unilateral opera- 
tion resulted in a grave, unexpected, and generalized loss of recent memory. 
In both cases the left anterior temporal lobe was removed, but there was also 
evidence of damage to the opposite temporal lobe. Penfield & Milner believe 
that the unusual behavioral symptoms are related to the bilateral involve- 
ment. It was found that the patients could retain a sentence or short se- 
quence of numbers, provided their attention was not diverted. As soon as 
their attention was drawn to something else, recall was not possible. Also, 
there was a retrograde memory loss covering a considerable period before 
operation. Psychological study showed that memory for the distant past 
was not necessarily lost; nor was there loss of attention, concentration, rea- 
soning ability, or previously acquired motor skills. The findings are similar 
to those reported by Glees & Griffith (55), Scoville & Milner (164) and 
Walker (179). In Walker’s four patients—unlike those of Penfield & Milner— 
there was no evidence of pathological alteration contralateral to the operated 
side. Moreover, several patients with bilateral temporal EEG disturbances 
had unilateral lobectomies which did not produce memory defects. Walker 
suggests that the rare cases of memory disturbance after temporal removals 
may be related to differences in the mechanisms of ideational imagery among 
people, rather than to bilateral damage. 

Parietal region.—Bilateral ablation of posterior parietal cortex in mon- 
keys tested by Pasik et al. (142) did not impair tactual discriminations of 
form and intensity or a delayed response to tactual cues. Furthermore, no 
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tactual deficiencies were noted when the ablations were extended to include 
posterior temporal cortex bilaterally in five of the experimental subjects and 
lateral frontal cortex in one subject. Other investigators (148, 187) have 
reported tactual impairment in the monkey when the ablation of parietal 
cortex included the medial surface of the parietal lobe. Ettlinger & Wegener 
(45), however, found that tactual discriminations of form were not affected 
in the monkey by bilateral ablation of posterior parietal cortex even when 
cortex of the medial surface was included. The animals performed well post- 
operatively on a spatial alternation test in which the cues were presented 
tactually. They showed impairment, however, on a somesthetic orientation 
test but not on a similar test with visual cues. 

Frontal region.—Mishkin & Weiskrantz (112) have shown that an intra- 
trial delay, either between cue and response as in delayed response-type tasks 
or between response and reinforcement, may constitute an important condi- 
tion for impairment after frontal damage. When an 8-sec. delay of reward 
was abruptly introduced, monkeys with frontal lesions showed a greater 
disruption in a visual discrimination task than did controls. The frontal 
lesions did not impair performance when the delay of reward was gradually 
introduced—a finding which indicates that an intratrial delay does not con- 
stitute a sufficient condition for impairment after frontal damage. This con- 
clusion is confirmed by earlier studies which showed that animals with frontal 
lesions could do delayed response-type tasks when predelay reward was 
presented (47), when distracting cues were minimized (100), or when the 
delayed response test was a “‘go no-go”’ situation (110, 111). That an intra- 
trial delay may not constitute a necessary condition is suggested by the fact 
that frontal operations may produce a deficit in an auditory discrimination 
task which contains no intratrial delay (183). Riopelle & Churukian (153) 
found that such animals showed no impairment on visual discrimination 
tasks when long intertrial delays were introduced. 

Animals with bilateral frontal ablations were severely impaired in post- 
operative performance in a spatial alternation test in which tactual cues had 
to be used for a solution. Ettlinger & Wegener (45) suggest that this effect is 
not specific for the tactual sensory system but is a ‘‘supramodal”’ disturbance 
and is related to the similar disorders found for performance by frontal ani- 
mals on delayed response and spatial alternation tests when visual cues are 
used. Meyer & Settlage (107) have found that monkeys with frontal lesions 
exhibit less stereotypy in a simple searching situation than do normal con- 
trols. 

General.—Orbach (137) has found that bilateral occipital-cortex abla- 
tions in blind monkeys produce a mild retardation in relearning an enclosed 
maze. These results which may be compared with those reported for the -at 
a number of years ago by Tsang (178), Finley (48), and Lashley (84) indi- 
cate, according to Orbach, that the visual cortex may be involved in non- 
visual orientation. Smith (165) has shown that the role of different parts of 
the cerebral cortex in maze problems is determined, at least in part, by the 
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nature of early experience. In cage-reared rats, larger anterior cortical lesions 
produced a larger deficit in a maze problem than did smaller posterior lesions. 
But in rats reared in a free environment, the smaller posterior lesions had the 
greater effect. 

BureS, BureSova & Ziharov4 (19) applied concentrated potassium chlo- 
ride to the cortex of unanesthetized, unrestrained rats. This procedure, which 
produces spreading cortical depression, resulted in the reversible disappear- 
ance of alimentary conditioned reflexes and of a conditioned avoidance re- 
sponse. The degree of behavioral depression was correlated with the degree of 
electrical depression. The authors concluded ‘‘that from the point of view of 
CR’s, spreading depression means deep, reversible inhibition of all cortical 
functions.” 

Burns & Mogensen (20) have found that unilateral, direct electrical 
stimulation of the cortex, when interposed between response and reinforce- 
ment, may interfere with the learning of a bar-pressing habit in the rat. 


LimBIc SYSTEM 


Aggressive and defensive reactions.—King (75) reports that lesions of the 
septal region not only increased the overt emotionality of rats, as described 
in earlier studies (17, 18, 177), but also that they decreased the number of 
trials required to learn a conditioned avoidance response. Lesions in the 
amygdaloid nuclei of normal rats did not alter overt emotionality (75, 76) 
but they did lengthen response latencies in an avoidance situation (75) and 
they attenuated the hyperemotionality normally produced by septal lesions 
(76). The amygdala and the septal region may then play somewhat antago- 
nistic roles in the control of emotional behavior. However, Harrison & Lyon 
(64) have found, in experiments which were also performed on rats, that there 
is no consistent relation between postoperative hyperemotionality and small 
or inclusive lesions of the septal region or fornix. They suggest that the 
emotional changes supposedly produced by septal lesions may be a result of 
incidental damage to structures other than the septal nuclei or fornix. Tu- 
mors of the septum pellucidum and adjacent structures in man may produce 
abnormal affective behavior, according to Zeman & King (196). Riggs & 
Rupp (151) have summarized the results of a large series of patients which 
suggest that mood disturbances may be associated with gliomas throughout 
the limbic system. 

Impaired performance in the avoidance conditioning situation has been 
observed after lesions of the posterior orbital, anterior insular, and antero- 
medial temporal regions in the monkey [Weiskrantz & Wilson (184)], 
amygdala lesions in the rat [King (75)], hippocampal lesions in the rat 
{Kimura (74)] and cat [Hunt et al. (70)], and lesions involving the hippo- 
campus, corpus callosum, and overlying cerebral cortex in the rat [Thomas & 
Otis (173)]. The nature of the impairment is not clear. For example, Hunt 
et al. (70) report that cats with hippocampal lesions did not retain a condi- 
tioned avoidance response to a buzzer but did retain the characteristic signs 
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of emotional disturbance when the buzzer was presented during the reten- 
tion tests. Animals with similar lesions retained the instrumental avoidance 
response when a flickering light was substituted for the buzzer as the condi- 
tioned stimulus. Obviously, the deficit produced by hippocampal lesions in 
this study cannot be attributed either to a simple disturbance of emotionality 
or of memory. 

Sex, hunger, and thirst—Law & Meagher (86) found that central hypo- 
thalamic lesions diminished the mating response in female rats, the effect 
being independent of the level of estrogens circulating in the blood. Anterior 
and posterior hypothalamic lesions had a tendency to augment sexual ac- 
tivity. In a related experiment, Harris & Michael (63) report that local ap- 
plication of estrogen to the posterior hypothalamus induces mating in the 
female cat. The authors conclude ‘“‘that there exists in this basal area of the 
brain a mechanism for integrating simple reflexes into the complex pattern 
of sexual activity.” 

Hypersexuality which had previously been described after rather exten- 
sive lesions of the amygdaloid region (51, 78, 162, 163) has been observed in 
male cats after more discrete lesions of the pyriform cortex by Green, Clem- 
ente & de Groot (59) and of the lateral amygdaloid nucleus by Wood (190). 
MacLean (95) has suggested that the hypersexuality produced by such le- 
sions represents a release phenomenon and that the hippocampus and related 
structures may be more directly concerned with behavior leading to preserva- 
tion of the species, in general, and sexual activity, in particular. This notion 
is based on MacLean’s observations that chemical stimulation of the hippo- 
campus (94) and related structures (95) may be followed by enhanced pleas- 
ure and grooming reactions and increased sensitivity to genital stimulation. 
These reactions, however, do not seem clearly related to normal sexual ac- 
tivity or to the preservation of the species. 

Hyperphagia has been observed in cats after lesions of the amygdala 
{[Green, Clemente & de Groot (59); Wood (190); Morgane & Kosman (114)]. 
Somewhat different results have been obtained by Anand, Dua & Ghina (4) 
who report that lesions of the amygdaloid region were followed by a tempo- 
rary aphagia, while other temporal lesions were followed by an increase in 
food intake. Posterior orbitofrontal lesions led to a decrease in food intake, 
while other frontal lesions were followed by an increased intake. Koikegami 
et al. (79) have found that bilateral amygdalectomy inhibits the growth of 
infant dogs, rats, and goats, presumably because of hypophagia. The differ- 
ence between the results of Anand et al. (4) and Koikegami et al. (79), on the 
one hand, and Green et al. (59), Wood (190), and Morgane & Kosman (113, 
114), on the other, may be attributable to differences in the place and extent 
of experimental lesions. Along these lines, Green et al. (59) observed that, 
while hyperphagia was produced by lesions of the basolateral amygdala, 
hypophagia was observed in a number of animals after lesions which involved 
the anterior amygdala, the basal ganglia, and internal capsule; the latter 
animals appeared lethargic, failed to eat, and so lost weight. 
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Epstein (44) has studied the response to amphetamine and related drugs 
of rats made hyperphagic by hypothalamic lesions. Not only did ampheta- 
mine suppress eating in the hyperphagic animals, but their response to the 
drug was greater than that of normal animals. The author concludes “‘that, 
at best [the ventromedial hypothalamus], can be only one of the sites medi- 
ating the effects of amphetamine.” 

Keller, Witt & Batsel (72) report that thirst was permanently eliminated 
in the dog by a lesion of the prechiasmal area. Massive lesions elsewhere in 
the hypothalamus did not alter drinking behavior. The effective lesion is 
apparently anterior to the region, the removal of which produced adipsia 
(9, 167, 189) and the stimulation of which, either osmotically (5, 6) or elec- 
trically (7, 8), produced polydipsia in earlier studies. 


SUBCORTICAL CENTERS AND PATHWAYS 


A number of studies, both anatomical and electrophysiological, have 
indicated that pain impulses travel in brainstem pathways other than the 
spinothalamic tract (16, 29, 54, 68, 73, 103, 115, 127, 169). According to 
Kerr, Haugen & Melzack (73), the pathways include the central tegmental 
fasciculus, the central gray, and the brainstem reticular formation. Melzack, 
Stotler & Livingston (104) in a more recent study have observed the learned 
responses of cats to noxious stimuli (heat and pinprick) before and after 
Horsley-Clark lesions of some of these pathways. A decrease in capacity to 
respond to both the heat and pinprick stimuli was found after. lesions of the 
spinothalamic tracts or central gray. A hypersensitivity to pinprick and 
“spontaneous pain’’ responses were observed after bilateral lesions of the 
central tegmental fasciculus. When lesions were placed in both central gray 
and central tegmental fasciculi, experimental animals behaved approxi- 
mately the same as normal animals in response to the noxious stimulation. 
These observations are interpreted by the authors as indicating ‘‘opposing 
roles” of the central gray and central tegmental fasciculus in the afferent 
pain processes. An additional finding was a change in the behavior of animals 
with lesions of the central gray. During a period of a few days in which they 
were exposed to the heat and pinprick stimuli in the test apparatus, their 
responsiveness increased. The nature of the behavior change suggested that 
learning plays a role in re-establishing responsiveness to painful stimulation. 
Murgatroyd, Keller & Hardy (119) found thresholds for thermal sensitivity 
raised in dogs in which lesions had been made in the hypothalamus. Post- 
operative performance on visual and auditory discriminations was also im- 
paired. 

Anatomical evidence has shown connections between the superior col- 
liculus and the temporal neocortex (185) and from the anterior part of the 
caudate nucleus to the anterior frontal cortex (62, 105). With these anatomi- 
cal findings in mind, Rosvold, Mishkin & Szwarcbart (159) examined the 
effects of various subcortical lesions on learned visual discrimination and on 
performance on a single-alternation problem. Visual discriminations were 
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not affected by lesions of the superior colliculus, caudate nucleus, or other 
subcortical structures. These results, together with those of Chow (23, 24), 
indicate that the role of the temporal neocortex in visual discrimination 
learning is not determined by its subcortical connections. In the experiment 
of Rosvold et al., single-alternation performance was disturbed by lesions in 
the head of the caudate nucleus, the medial thalamus, and splenium. The 
results substantiate the conclusion reached by Rosvold & Delgado (158) that 
a caudate-frontal mechanism is involved in single-alternation performance of 
monkeys. But the impairment found after lesions of the medial thalamus or 
splenium suggests to the authors ‘‘that a complex and widespread anatomical 
system rather than a simple and localized one may be involved in successful 
alternation performance.” 

Bilateral electrical stimulation of the caudate nucleus in cats immediately 
after a response retarded reversal relearning, while stimulation of the mid- 
brain tegmentum did not [Thompson (175)]. Moreover, Nakao & Maki (125) 
have found that a previously acquired conditioned avoidance response was 
inhibited by electrical stimulation of the caudate nucleus. The caudate 
nucleus then may play a role in a wide variety of learning situations. 

Small lesions of the lateral mesencephalic reticular formation which did 
not impair wakefulness completely abolished or greatly reduced a salivary 
conditioned reflex [Hernandez-Peén et al. (65)]. Larger lesions of other sub- 
cortical structures or of the cortex did not impair the response. Learning may 
be disrupted by electrical stimulation of the midbrain tegmentum [Glickman 
(56)] or the midline thalamus [Mahut (97)]. 

Chow, Dement & Mitchell (26) observed the effects of rostral thalamic 
lesions on the EEG and on behavior. Behavioral symptoms, such as spastic- 
ity, difficulty in walking and swallowing, reduced motility and reactivity, 
and catatonia, lasted from two to eight weeks, the only residual effects be- 
yond that time being some spasticity and a slight increase in docility. The 
animals were able to learn a visual form discrimination. The EEG arousal 
pattern could be elicited within 3 to 25 days after surgery, but sleep spindles, 
barbiturate bursts, and recruiting responses were depressed or absent. Since 
the rostral thalamus (n. ventralis anterior and the rostral n. reticularis) may 
be the last link in the multisynaptic pathway from the thalamic reticular 
system to the cortex (60, 61, 126, 191a), these results indicate that sleep 
spindles, barbiturate bursts, and recruiting responses depend on the diffuse 
system as originally suggested by Dempsey & Morison (34, 35). 


ELECTRICAL RECORDING AND STIMULATION 


The utilization of electrical recording and stimulating techniques to 
measure or control neural activity in behaving animals has produced results 
which, in some instances at least, have excited the interest of both the sci- 
entist and the layman. These methods have great promise and their more 
widespread use is to be expected. The significance of the results obtained 
will depend upon the goals which investigators set for themselves and the 
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care, skill, and precision with which they execute their experiments. A ma- 
jority of experiments which have been reported to date must be classified 
under the heading of ‘‘neural phenomenology’’. Too few have been concerned 
with neural mechanisms. 


LEARNING 


In studies of electrical activity of the central nervous system during 
conditioning, a number of different conditioning procedures are used. In 
nearly all instances the conditioned stimulus (CS) is a sensory signal (sound, 
light, touch) but the unconditioned stimulus (US) may be (a) a sensory 
signal which produces a change in the ongoing electrical activity of the 
nervous system, e.g., a single flash of light which leads to activation or a 
flickering light which drives the recorded response, (b) a stimulus which 
produces a response of skeletal muscles, e.g., shock to the leg which causes 
leg flexion, or (c) a stimulus which produces an autonomic response, that is, 
food which gives rise to salivation. 

Yuyama, Yamamoto & Iwama (195) recorded changes in the EEG of 
human subjects during conditioning, the CS being a 600-cycle tone and the 
US a light. Initially both the CS and US elicited fast activity, but as they 
were paired in conditioning trials both tended to elicit alpha waves which 
appeared against a background of slow waves. 

In earlier studies a number of investigators have described the changes 
which take place at different stages of the conditioning procedure (25, 117, 
194). Yoshii & Hockaday (192) have given a detailed account of the succes- 
sive changes which may be seen when a tone is used as CS and is followed by 
a 7.5 per sec. flickering light (US). The subjects in the experiment were cats. 
Recording electrodes were implanted on the cortex and in subcortical centers. 
Before pairing of the CS and US, the CS was presented alone. Evoked re- 
sponses followed by desynchronization or augmentation were recorded from 
electrodes on different cortical areas. With repetition of the CS these re- 
sponses became less clear (habituation) and nearly disappeared after 20 to 50 
trials. When the CS and US were paired in conditioning trials, the widespread 
evoked response to the CS again appeared and became larger in amplitude 
and duration as conditioning continued. Desynchronization or augmentation 
following the evoked responses also reappeared over widespread areas. As 
conditioning continued, slow waves began to be elicited by the CS and these 
gradually became “‘frequency specific”, i.e., in synchronism with the activity 
elicited by the US (7.5 per sec. or at some sub- or superharmonic of 7.5 per 
sec.). The frequency-specific response to the CS was seen in nine of eleven 
animals tested. 

The frequency-specific response was readily extinguished by presenting 
the CS alone for a number of trials and was easily re-established when the 
US was once more given. In the well-conditioned animal, waves at the rate 
of the US tended to appear in the resting EEG. After ablation of the centro- 
median nucleus bilaterally in one experimental animal, no frequency-specific 
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responses could be elicited during conditioning. Yoshii & Hockaday suggest 
that the ascending reticular activating system is involved in the earlier 
stages of conditioning when the evoked responses followed by desynchroniza- 
tion or augmentation are seen. As conditioning proceeds, the activity of the 
lower reticular system becomes suppressed. 

Yoshii & Maeno (193), using sound, light, or shock as CS and food as US, 
conditioned the salivary responses of dogs and observed changes in the 
electrical responses recorded from cortical and subcortical electrodes during 
conditioning. Generalized evoked potentials, desynchronization, or fast wave 
augmentation, which were elicited by the CS before conditioning, gradually 
were reduced during habituation. When paired with the US, the CS again 
gave rise to widespread responses in both cortical and subcortical structures 
When the CR was extinguished, the positive EEG responses to the CS dis- 
appeared and irregular slow waves were seen. If a differential CR (salivation 
to one signal, inhibition of salivation to a second signal) was established, the 
positive EEG responses were at first elicited by both stimuli; but as condi- 
tioning proceeded only the positive signal continued to produce the positive 
EEG changes and, simultaneously, the CR salivation. The negative stimulus 
gave rise to irregular slow waves and was not followed by salivation. Yoshii 
& Maeno believe that the changes seen in the EEG responses during habitua- 
tion and conditioning reflect, in large part, activities of the ascending reticu- 
lar activating system and the amygdaloid-hippocampal system. 

Majkowski (98) has also described the changes in electrical activity seen 
during conditioning; but in his experiments, the US was repetitive shocks 
(3.5 to 4 per sec.) to the hind leg of the experimental animal (rabbit). The 
CR was a repeated flexion of the hindleg at the same rate as the shocks. An 
intermittent light, also at 3.5 to 4 per sec., served as the CS. In agreement 
with the reports of Liwanow and his co-workers (90 to 92) Majkowski has 
observed the following stages of conditioning: (a) driven response (synchro- 
nous with CS) elicited by CS from visual cortex (conditioned reflex analyzer) ; 
(b) driven response elicited by CS from both visual and sensorimotor cortex 
(unconditioned reflex analyzer); (c) driven response tending to appear only 
in sensorimotor cortex of side contralateral to leg being shocked; and (d) 
driven response disappearing from sensorimotor as well as all other areas of 
cortex. At this point the motor CR (repeated leg flexion) first appears. Ac- 
cording to Majkowski the conditioned leg movement always appears when 
the cortical driving disappears; the driving is never seen when the motor 
response occurs. In an attempt to discover whether the disappearance of the 
driving was directly related to cortical activity producing the CR or was 
secondary to the movement of the conditioned hindlimb, Majkowski elimi- 
nated hindlimb movements by injecting d-tubocurarine into the muscles after 
a CR had been established. Systemic effects of the d-tubocurarine were 
prevented, or at least kept at a minimum, by applying a tourniquet to the 
leg during injection of the drug. With movement prevented by the drug, the 
driven cortical response appeared in the sensorimotor area of the cortex even 
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though the animal was conditioned and the electromyogram showed activity 
in muscle in response to CS. When the effects of d-tubocurarine wore off, the 
CR was present and the driven cortical response again disappeared. Majkow- 
ski concludes that the cortical driving is dependent on proprioceptive feed- 
back from movement of the conditioned leg and suggests that this feedback 
is important in the conditioning process. 

Beck, Doty & Kooi (11) have examined changes in the cortical arousal 
response during conditioning. In their experiments, the CS was a tone, the 
US was shock to the leg, and the CR was leg flexion. Electrodes were im- 
planted on the cortex. In order to obtain slow activity from the cortex and 
thus make the arousal response readily observable, the experimental animals 
(cats) were given bulbocapnine. The CS, which produced an arousal response 
when presented alone, soon ceased to do so when repeated a number of times 
at short intervals. When the CS was then followed by the US for a series of 
trials (25 to 50 per day for several days), the CS again began to elicit arousal 
responses. These responses to the CS were appearing regularly by the time 
the first motor CR’s (respiratory changes and leg flexion) occurred. The 
arousal response tended to become less pronounced when conditioning trials 
were continued for many days although the conditioned motor response was 
maintained by appropriate reinforcement. In contrast to other studies (see 
above) Beck, Doty & Kooi found ‘‘no evidence that the somatic CR’s cor- 
related with any localization of electrocortical reactions or alternations of 
cortical evoked potentials!’’ It should be made clear that they are distin- 
guishing between (a) the evoked potential changes of relatively short latency 
which typically appear at the onset of a CS and (b) the longer latency changes 
such as activation, arousal, or augmentation. 

Of interest in relation to studies of conditioning, because the latter often 
begin with habituation to a sensory stimulus, is the investigation of 
Hernandez-Peén et al. (66). They found that the responses elicited at the 
lateral geniculate body, visual cortex, and reticular formation in response to 
brief flashes of light diminished if the light flashes were repeated at intervals 
of 5 to 8 sec. Responses recorded from the optic tract did not change. From 
a graph shown in their published report, it appears that some 200 or more 
repetitions of the light had to be given before marked habituation occurred. 
During habituation, the late components of the recorded response first dis- 
appeared; the earlier evoked potential later became reduced in amplitude. 
The process of habituation was not a regular one; the response tended to 
vary considerably from trial to trial. Numerous extraneous conditions affected 
the state of habituation. The recorded response reappeared (dishabituation) 
after a period of rest, when extraneous environmental stimuli occurred, and 
under pentobarbital anesthesia. Since it has been shown in other experiments 
that the potentials evoked at the lateral geniculate body by photic stimula- 
tion may be diminished by electrical stimulation of the mesencephalic or 
pontine reticular formation (67) and since the evoked responses are not 
diminished under barbiturates which depress the activity of the reticular 
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formation, the authors conclude that the ‘‘afferent neuronal habituation 
seen at the lateral geniculate body is probably the result of reticular centrif- 
ugal inhibition upon that structure.” 

In several conditioning experiments, electrical current applied through 
implanted electrodes has been used in place of the CS and also of the US. In 
earlier reviews (102, 136) the work of Doty and his colleagues has been cited. 
In a recent paper, Doty & Giurgea (41) have described an experiment in 
which electrical stimulation of the cortex served as both the CS and US. The 
use of electrical stimulation as a CS is not new. Most investigators, however, 
have been unable to establish a CR when the motor response was elicited by 
electrical stimulation of motor cortex. In 1953, Giurgea reported success in 
establishing a CR with electrical stimulation of the cortex eliciting the un- 
conditioned response. A critical feature of the Giurgea technique is the time 
interval between conditioning trials. In their experiment, Doty & Giurgea 
gave six to ten trials per day with three to five minutes between successive 
trials. Discrete hindleg flexion (CR) was elicited by electrical stimulation of 
the marginal gyrus (CS) after as few as 65 pairings of the CS and the US, 
which was electrical stimulation of the postcruciate cortex. The CR, once 
established, could be elicited many times without reinforcement. 

CR’s established in the cat to electrical stimulation of the marginal gyrus 
(CS) with shocks to the foreleg used as US were lost after lesions which par- 
tially undercut or circumscribed the area of stimulation, but they were re- 
established with additional training |Doty & Rutledge (42)]. The implication 
of the results according to the investigators is that remaining intracortical 
connections or long corticifugal pathways may suffice for the re-establish- 
ment of the CR. 


NEFF AND GOLDBERG 


SENSORY DISCRIMINATION 


The use of electrical stimulation in conditioning experiments appears to 
be a promising technique, not only in advancing knowledge of neural events 
in learning but also in studying sensory discrimination. An extension of the 
method of equivalent stimuli [Kliiver (77)] can be used to determine by 
inference the sensation elicited in the animal by electrical stimulation of 
sensory neural structures. As related to audition, for example, it may be 
possible to make a rather direct test of place and periodicity principles of 
pitch perception [see (89) and (131) for discussion of these principles]. 

Neff, Nieder & Oesterreich (133) established a conditioned avoidance 
response (hindleg flexion) in the cat to a series of clicks (CS) presented over a 
loud-speaker. In a number of animals the CR could be elicited, without fur- 
ther training, by direct electrical stimulation applied through implanted 
electrodes to auditory pathways or centers in the medulla, tectum, or cortex. 
In other animals a CR was established by pairing a series of shocks to the 
auditory system (CS) with shock to the hindleg (US). When conditioning 
had been established, the conditioned response could be elicited in some 
animals by an auditory signal—a series of clicks. The US was never paired 
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with the auditory signal; transfer of the CR to the latter was immediate. 
Fuster (50) has investigated the effects of electrical stimulation of the mesen- 
cephalic reticular formation on tachistoscopic perception. In the monkey, 
electrical stimulation consistently increased the experimental animal’s effi- 
ciency in choosing between pairs of objects presented tachistoscopically. 
This was indicated by both higher percentages of correct responses and 
shorter reaction times during trials in which the electrical stimulation was 
presented as compared to trials in which it was not. 

Related to animal experiments in which electrical stimulation of sensory 
centers serves as CS are the clinical studies in which electrical stimuli are 
applied to the exposed cortex of the unanesthetized human patient. As de- 
scribed in the recent paper by Mullan & Penfield (118), verbal reports may 
be obtained from the patient during and after application of stimuli to the 
brain. In the particular study cited, one of many from the Montreal labora- 
tory, auditory illusions and illusions of fear were elicited by stimulation of 
the temporal lobe of either side; visual illusions and illusions of familiarity, 
by stimulation of the temporal lobe of the nondominant side. According to 
this report and many others, the sensory experiences elicited are usually ill- 
defined and crude in quality. This may be because of the parameters of 
electrical stimuli chosen [Libet et al. (88)] and of the cortical areas stimu- 
lated. In the case of auditory and visual systems, the primary projection 
areas are not easily accessible. It seems likely, furthermore, that greater 
success in simulating sensory experience may be achieved by applying elec- 
trical stimulation to subcortical centers or paths. 


SLEEP AND CONSCIOUSNESS 


Dement, who in earlier experiments with Kleitman (31, 32) studied 
changes in the EEG of man during sleep, has now made a similar study for 
the cat (30). Cortical activity was recorded in animals first deprived of sleep, 
then fed and kept in a quiet room. During a period of sleep, as judged by the 
animals’ behavior, changes in the EEG from slow waves and spindles to low 
voltage fast activity were regularly seen. The activated EEG usually oc- 
curred at a time when the animals made twitching movements of the limbs, 
vibrissae, and ears. During slow waves and spindles, the animals were more 
often quiet. The threshold for auditory stimulation (stimulation which 
would produce behavioral arousal) was raised during the period of EEG 
activation. In considering a possible neural mechanism to account for the 
results, Dement cites the experiments of Rinaldi & Himwich (152) and Wikler 
(186) in which, after administration of atropine, EEG patterns of sleep were 
observed during behavioral wakefulness. Atropine appears to block the ac- 
tion of the brainstem reticular formation upon the cortex. Dement concludes 
that two separate actions of the brainstem reticular formation, a descending 
one having to do with behavioral arousal and an ascending one having to do 
with cortical activation, may act separately during sleep. The changes ob- 
served in pattern of brain waves in the cat suggest, according to Dement, a 
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definite ‘‘sleep cycle” for the cat similar to that observed for man (31). Such 
sleep cycles may be characteristic of all animals having highly developed 
central nervous systems. 

In patients with focal vascular lesions, Loeb (93) has found that any type 
of EEG may be seen during behavioral coma. Furthermore, no relationship 
was noted between type of EEG and degree of coma except that, in some 
cases, changes in the EEG accompanied ‘downward progress of coma’”’. 
Responses were elicited by sensory stimulation in all degrees of coma. Loeb 
believes that differences between his findings and those reported by others 
[e.g., Gastaut (52) and Fischgold (49)] arise from the nature of the lesions. 


EMOTION AND MOTIVATION 


Aggressive and defensive reactions —DeMolina & Hunsperger (33), as well 
as a number of other investigators (53, 71, 96, 161), have observed defense or 
flight reactions following electrical stimulation of the dorsomedial amygdala. 
Similar responses were obtained from stimulation of the stria terminalis 
along its entire length to the level of the anterior commissure and, farther 
caudally, of the preoptic area and rostral hypothalamus. The active zone is 
continuous with the hypothalamic and mesencephalic area. from which 
similar responses have been elicited by Hess (69) and, more recently, by 
Nakao (124). Mandell & Bach (101) report that anxiety-like behavior may 
also be produced in the cat by stimulation of the ventromedial reticular for- 
mation of the medulla. 

Electrical stimulation which produces defense or flight reactions has been 
used as a US in conditioning experiments. Nakao (124) used hypothalamic 
stimulation as the US in anxiety conditioning to a buzzer, in food avoidance 
conditioning, and in escape conditioning in a shuttle box. Stimulation at 
certain points elicited a learned response previously established to avoid a 
painful shock. Mandell & Bach (101) established escape conditioning using 
bulbar stimulation as the US. 

Self-stimulation.—Olds (135) reports that rats with electrodes implanted 
in the hypothalamus showed no tendency towards satiation of the reward 
effects of self-stimulation, even over a 48-hr. period, while animals with 
electrodes in the telencephalon (septal region or amygdala) showed a de- 
creased response rate after 4 to 8 hr. of continuous responding. At certain 
sites of the cat’s brain, Roberts (154, 155) has observed that the onset of 
stimulation is reinforcing; but if stimulation is continued, it becomes aversive 
and its termination reinforcing. Similar results have been obtained in the rat 
by Bower & Miller (15). 

Nielson, Doty & Rutledge (134) compared the perceptual and self-stimu- 
lating effects produced by electrical stimulation at the same electrode site in 
the caudate nucleus in the cat. Self-stimulation could be demonstrated only 
at stimulus intensities far above that needed in conditioning experiments 
where the brain stimulation was used as a CS. For self-stimulation, the stim- 
ulus had to be prolonged or available in rapidly succeeding bursts. The 
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authors suggest ‘‘that the apparently rewarding effect for the animal could 
be based on excessive, seizure-like neural action.”” Porter, Conrad & Brady 
(147), however, have observed that self-stimulation of the septal nucleus was 
not accompanied by seizure activity, although such activity was noted dur- 
ing hippocampal self-stimulation. 

Ward (180), in a study of stimulation parameters, found that self-stimu- 
lation behavior in rats was produced by electrical stimulation of the septal 
region with constant current sine waves over a wide but specific range of 
frequencies, 40 to 1000 cps. When low-frequency, modified rectangular wave- 
form stimuli at constant pulse duration were used, the quantity of electricity 
delivered for each bar pressing was more important than the stimulation 
frequency or pulse current per se. The longer the pulse duration, the more 
coulombs were required. In another study, Ward (181) reports that self- 
stimulation through basal tegmental electrodes in the rat persisted after 
total ablation of the septal region, including section of the fornix columns. 


BRAIN BIOCHEMISTRY AND BEHAVIOR 


For two reasons, no attempt has been made to survey the numerous 
studies dealing with the effects of drugs on behavior: (a) adequate reviews 
are given elsewhere; and (b) many of the investigations are designed to assay 
the drugs and contribute very little to an understanding of biochemical 
events in brain function. 

Peirce (143) measured cerebral cortical cholinesterase in rats previously 
run in a problemless maze in which there were spatial and visual cues. A 
negative correlation was found between cholinesterase activity and the 
tendency to prefer spatial, as against visual, orientation in the maze. This 
correlation is opposite in sign and differs significantly from that obtained in 
similar experiments by Rosenzweig, Krech & Bennett (81, 157). Similar 
contradictions with results of the earlier studies have been found in other 
recent experiments reported by Krech et al. (82). The authors suggest that 
learning capacity may be related to the acetylcholine-cholinesterase balance 
rather than to the level of cholinesterase per se. Unfortunately, acetylcholine 
levels have not been measured in their experiments, the initial assumption 
being that cholinesterase activity was a measure of acetylcholine metabo- 
lism. 

Moroz (116) studied the effects of pentobarbital sodium injections on the 
persistence of a previously learned maze position habit after the maze was 
made unsolvable. Animals receiving the drug in doses sufficient to cause 
ataxia showed a significant tendency to persist in the position habit when 
compared to animals receiving saline injections. Since, among numerous 
other consequences, the pentobarbital sodium reduces the rate of acetylcho- 
line synthesis, Moroz concluded that the results of the experiment ‘‘are fur- 
ther evidence for a correlation between the level of acetylcholine metabolism 
and the capacity for more adaptive behavior.” 

Chow & John (27) report that previously established hypothesis behavior 
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was not changed by intracerebral injection of the anticholinesterases, physo- 
stigmine, and di-isopropylfluorophosphate in doses sufficient to cause motor 
disturbances. Chow & John question the dependence of hypothesis behavior 
on cortical levels of acetylcholine. 

The studies of Krech, Rosenzweig & Bennett have been criticized by 
Tower (176). His criticisms may be summarized as follows: (a) the presence 
of acetylcholine may be of no importance to many neural systems involved 
in maze behavior; (b) the use of cholinesterase activity as a measure of 
acetylcholine metabolism is questionable; (c) the method of measurement 
does not apparently distinguish between “‘true’’ and ‘‘pseudo”’ cholinesterase 
since both occur in the brain, but only the former participates in acetylcho- 
line hydrolysis in the brain; (d) the fact that the cholinesterase level in brain 
is far greater than that needed under normal conditions makes correlation 
with function difficult; and (e) cholinesterase activity may be correlated with 
variables such as brain size and cell density. These latter factors, in turn, 
may help to determine maze performance, the result being a correlation 
between cholinesterase level and behavior. 

A most interesting experiment reported by Rosenzweig, Krech & Bennett 
(157) might be accounted for by this last suggestion. Rats were tested at 85 
days of age to determine their spatial and visual hypotheses in an unsolvable 
maze. The animals were divided into two groups, those with a spatial prefer- 
ence and those with a visual preference. The cortical cholinesterase levels 
were determined for the two groups at each of several ages. Differences in 
cholinesterase levels were observed for the two groups only at ages greater 
than 125 days. This finding, as the authors point out, ‘“‘is paradoxical, since 
all animals had their behavioral tests at about the same age—85 days.”’ This 
experiment indicates that differences in hypothesis behavior between indi- 
vidual rats are not dependent on differences in cortical cholinesterase level 
per se. More likely, the behaworal differences are determined, at least in 
part, by variables which in older animals (over 125 days of age) also deter- 
mine the cortical cholinesterase level. 
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PHYSIOLOGY OF VISION’? 


By FREDERICK CRESCITELLI 
Department of Zoology, University of California, Los Angeles* 


This review is especially concerned with the literature for the period 
May 1957 through April 1959. No attempt has been made to achieve com- 
plete coverage, and several subjects such as color vision, physiological optics, 
psychophysics, and certain others have been omitted. Some aspects of color 
vision have been recently reviewed by Wright (1), by Brindley (2), by Riggs 
(3), and by Francois & Verriest (4 to 8). Psychophysics has been well covered 
in the summaries by Riggs (3) and Gebhard (9). Reviews (10 to 13) on other 
specialized aspects of the subject have also appeared. For purposes of inte- 
gration many of the current findings have been related to older work. The 
field of visual physiology in very recent years has been characterized by a 
distinct upsurge in productivity. New workers have entered the field, new 
laboratories have been started, conferences and symposia dealing with the 
eye have been frequent and well attended,‘ and several new books have ap- 
peared (14 to 18). Much of this is the result of the general stimulus given to 
scientific research by government and other support of science. On a less 
happy note this review recognizes the great debt owed by visual scientists to 
Sir John H. Parsons, whose death occurred on October 7, 1957 (19, 20), and 
to Samuel R. Detwiler, whose death in the laboratory took place on May 2, 
1957 (21). 

MORPHOLOGY OF THE RETINA 


Morphological studies of the retina employing the modern techniques of 
histochemistry, cytochemical localization, and electron microscopy con- 
firmed a number of older observations and brought to light some new details. 
Some of these findings, while important in themselves, have, in addition, 
physiological implications; but it cannot yet be stated that the results have 
significantly narrowed or clarified the search for visual mechanisms. 


1 The survey of literature pertaining to this review was concluded in April, 1959. 

2 Among the abbreviations used in this chapter are: ERG (electroretinogram) ; IN 
(intraretinal negativity); and LGN (dorsal nucleus of the lateral geniculate body). 

3 Aided by a grant from the Division of Research Grants and Fellowships, Na- 
tional Institutes of Health, U. S. Public Health Service and by a grant from the 
University Board of Research. 

4 Special symposia included one on the ERG held in Hamburg, Germany, in 1956; 
one on photobiology in Turin, Italy, in 1957; one on color in Teddington, Middlesex, 
England, in 1957; one on electrophysiology in Bethesda, Maryland, in 1958; one on 
color vision in Paris, France, in 1958; one on photoreception in New York, N. Y., 
in 1958; one on visual mechanisms in Bethesda, Maryland, in 1958; and one on color 
vision held in Washington, D. C., in 1958. The author is greatly indebted to Dr. 
W. S. Stiles for making available, in advance of publication, the preprints of the 
Teddington Symposium. 
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The pigment epithelium.—Recent work has only re-emphasized the old 
notion of an intimate and important functional interrelationship between the 
cells of the pigment epithelium and the visual cells. The occurrence of proto- 
plasmic processes extending from the border of the pigment cells around and 
between the visual cells was once more pointed out (22 to 26). These proc- 
esses were seen with the electron microscope and though intimate contact 
was observed to occur between processes and visual cells, no direct proto- 
plasmic continuity was detected (27). Several suggestions appeared regarding 
the functional role for this intimate relationship (22 to 26). These include: 
(a) the transfer of substances between the avascular visual cell layer and the 
choroidal circulation, (b) a role in the isomerization of the all-trans retinene 
to the physiologically active form, and (c) the esterification of vitamin A (28). 
The cells of the pigment epithelium have also been implicated in the produc- 
tion of the c-wave in the cat electroretinogram (29). Intracellular recordings 
in the vicinity of Bruch’s membrane yielded unstable potentials of 30 to 60 
mv. A slow wave similar in time course to the c-wave was initiated by illumi- 
nation of the eye. It was considered that these potentials were from the cells 
of the pigment epithelium rather than from the outer segments, but no 
evidence was adduced for this conclusion. It will be recalled that Tomita (30) 
found no response to light in experiments using a microelectrode inserted 
within the pigment layer of the retina. Incidentally, Yamada (31) reported 
the presence of a prominent lamellated body in the cells of the pigment 
epithelium in the bat retina. Though no speculations were made on the func- 
tion of this body, the possibility exists that such structures are involved in 
the initiation by light of the photomechanical movements of the pigment 
granules in those animals in which such movements occur. In this connection 
it should be noted that the melanophores in certain vertebrates may possess 
independent photochemical systems which initiate pigment dispersal or con- 
traction in response to changes in illumination (32). The ingenious and di- 
verse experiments of Stone (33 to 35) revealed a most important property of 
the pigment epithelial cells, at least in amphibia, in regenerating neural 
retina, iris, and lens. 

A homogeneous interstitial matrix has been detected in the spaces be- 
tween the pigment cell processes and the visual cells (23, 24). The material 
of this matrix stains as would acid mucopolysaccharide although its exact 
chemical nature is still unknown. In studies of this matrix in young mice 
during development of visual rods and in genetic strains of mice in which the 
rods degenerate after development, Zimmerman & Eastham (24) concluded 
that the interstitial matrix is secreted, not by the visual cells, but by the cells 
of the pigment epithelium. Sidman (23) described cells located within the 
interstitial matrix. Their function is unknown and the possibility exists that 
they elaborate the matrix substance. The function of the ground substance is 
also unknown but it is suggested: (a) that it is a sticky glue holding the sen- 
sory retina in place, (b) that it somehow facilitates the diffusion of materials 
between the visual cells and the pigment epithelium, or (c) that it is a sub- 
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stance with a refractive index of unique value for the visual process. The 
last suggestion is of significance in connection with O’Brien’s theory which 
attempts to account for the Stiles-Crawford directional effect in terms of 
internal reflection (36). This theory requires a definite ratio for the refractive 
indices of the cones to external medium, along with a given angle for the 
conical section of the idealized cones within which the light rays are reflected 
to the outer segments. For the experimental data of Stiles selected by 
O’Brien, the ratio of 1.022 and the angle of 8° were adequate to give a reason- 
able fit of theory to data. Quite apart from the objection raised by Toralda di 
Francia (37), O’Brien’s theory can never be more than a theory until good 
data are obtained for the refractive indices of visual cells and matrix. The 
limited data which are available suggest that the index of refraction is rela- 
tively high for both rods and cones (38). It is now necessary to know this 
index for the ground substance bathing the visual cells. Suggestions have 
also been published (39, 40) that in certain types of amblyopia a disorienta- 
tion of cones may occur. The interstitial matrix could conceivably be involved 
in such disorientations. To test this idea theoretically Enoch & Fry con- 
structed an O’Brien-type cone model of polystyrene foam (41). Employing 
microwaves, a directional sensitivity was measured similar to that noted by 
O'Brien. A second cone placed near the test antenna caused only small devia- 
tion in energy absorbed by the test cone as long as the optic axes of the two 
elements were parallel. If they were not parallel, there was considerable inter- 
action and loss of energy absorbed by the test cone. This system is only a 
suggestive model to indicate that tilting of foveal cones could result in loss of 
sensitivity and of visual acuity. As Pugh pointed out, however (42), there 
are cases of amblyopia which probably involve not the receptors, but central 
mechanisms. Of interest here is the report (43) that visual acuity also in- 
volves a directional effect, presumably associated with the properties of the 
central cones. 

Visual cells—The ultrastructure of the outer segments continues to be 
a subject of compelling interest. Sjéstrand’s original studies have been 
deepened and extended to other species by Sjéstrand himself and by others 
(44 to 50). Even the human visual cells have been examined (51). The out- 
standing feature in all these investigations is the finding that the outer seg- 
ments are made up of a stack of regularly arranged double-membraned discs 
or sacs. These discs span the width of the outer segment and are enclosed 
within what is considered to be the plasma membrane. One or more incisions, 
depending on the species, divide the outer segment into lobules. The gen- 
erally recognized features of this oriented array are the following: (a) the 
number and dimensions of these discs differ for the rods of different species; 
(b) the membranes of the discs are osmiophilic and enclose a less osmiophilic 
space; (c) the membranes of the discs are continuous at the edges; (d) in any 
one species the number and dimensions of the cone discs are not the same as 
for the rod discs. Yamada, Tokuyasu & Iwaki (51) wrote about a concentric 
arrangement of lamellae for the human cones. For double cones, studied by 
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Sjéstrand & Elfvin (45), the outer segments were found to be dissimilar, one 
member having characteristics of rod outer segments, the other resembling 
the outer segments of single cones. Invertebrate photoreceptors have also 
been found to possess regularly oriented structural arrays. In Planaria paral- 
lel double-membraned discs were noted (50) whereas for other invertebrates 
the array consists of tightly packed rods, tubes, or microvilli (50, 52 to 54). 
In connection with the distal sense cells of the scallop eye, Miller (55) re- 
ported the occurrence of a number of appendages which he considered might 
be involved in photoreception. These were shown to have a concentric lamina- 
tion. The structures of the compound eye which are analogous to the outer 
segments of the vertebrate visual cell have not been identified with certainty. 
Because of their location within the ommatidia and their intimate relations 
with the retinula cells, the rhabdomeres are generally thought to be the 
structures within which occur the initial events of vision (53, 56). This con- 
clusion was strengthened by two recent findings: the occurrence in these 
structures of an oriented ultrastructural array and the detection of rela- 
tively large quantities of vitamin A in the region of the rhabdomeres (57). 
Whatever the specific form, it is clear that one common feature of all these 
photoreceptive structures is the presence of oriented components. 

It is generally assumed that the visual pigment molecules are structurally 
oriented and polarized within these ordered structures. Sjéstrand, for ex- 
ample, considered that a portion of the double membranes of the rod discs is 
made up of the oriented protein moieties of the rhodopsin (44). Related to 
this idea is the well-known dichroic property of the outer segments which 
Denton (58, 59) recently reinvestigated, adding some new and important 
information. After showing that polarized green light was absorbed much 
more if its electric vector was across rather than parallel to the axes of the 
retinal rods, Denton demonstrated that the dichroic density difference (den- 
sity for light polarized across minus density for light polarized along the rod 
axis) as a function of wavelength was very similar to the spectral absorption 
curve of the outer segments. This agreement suggested that most of the 
dichroism is caused by the visual pigment, thus confirming the idea of a 
polarized orientation of this pigment within the outer segments. Denton also 
obtained certain interesting changes in dichroism after bleaching the pig- 
ment. With measuring light at about 650 my the small dichroic effect was 
unchanged by bleaching. With light at about 500 my the dichroism was 
significantly decreased. With light at about 370 my the dichroism first in- 
creased, while retaining its sense, and then decreased. A reversal in the sense 
of the dichroism then occurred. Denton ventured the idea that this reversal 
was the result of the alignment of the final products of bleaching parallel to 
the axes of the rods. This idea was confirmed by an experiment in which the 
fluorescence of the rods was examined before and after bleaching. Dark- 
adapted rods gave a pale blue fluorescence which was independent of the 
plane of polarization. The bleached rods fluoresced yellow-green (presum- 
ably because of vitamin A), the fluorescence being brighter when the light 
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was polarized along the axes of the rods. Denton’s experiment clearly sug- 
gests that the visual pigment is oriented within the outer segments, that an 
orientation is maintained with the intermediate products of bleaching, and 
that the final product (vitamin A), before it is released from the outer seg- 
ments, is also oriented but with the axis of resonance parallel to the axis of 
the rod. In certain aspects this picture agrees with recent chemical data, to 
be discussed later, which suggest that certain initial changes occur in the 
chromophore while it is still attached to the protein. An interesting experi- 
ment by Dowling & Wald (60) confirmed the idea that the protein of rho- 
dopsin is an important component in maintaining the structure of the outer 
limbs. White rats on a diet deficient in vitamin A were found to suffer a loss 
of rhodopsin. Associated with this loss was a decline in visual threshold as 
measured by means of the ERG. The decline in opsin lagged behind these 
changes but eventually this protein, too, began to decrease. Retinal histology 
was said to be normal even when rhodopsin had declined to 60 per cent of 
its normal level. Severe retinal pathology appeared, however, by the time the 
opsin level had fallen to 60 per cent of its normal value. Thus opsin was con- 
sidered to lose its stability in the absence of its chromophore, and the loss of 
this protein was considered to involve the structural breakdown of the visual 
cells. It is unfortunate that a more thorough study of morphology, especially 
of the ultrastructure of the outer segments, was not made in this experiment. 
The effects were shown to be reversible since visual threshold was restored 
by intraperitoneal injections of all-trans or 11-cis vitamin A. Recovery with 
the 11-cis isomer showed a lag compared with the recovery following the all- 
trans form. The authors speculated that the 11-cis isomer was first isomerized 
to the all-trans configuration before it was employed by the ocular tissues. 
Incidentally, vitamin-A acid was found to be ineffective for use by the visual 
system even though it prevented or cured the general body effects of vitamin- 
A deficiency (61). 

In 1953 Sjéstrand described the system of fibrils which connects the outer 
and inner segments (62). De Robertis further analyzed this system and con- 
cluded from the ultrastructure that the outer segment is homologous with a 
cilium (46, 47). The connecting cilium possesses nine pairs (nine inner and 
nine outer) of filaments, the inner filaments continuing into the outer seg- 
ment along the incision of this segment. The terminations of the filaments 
in both outer and inner segments were only vaguely described. A basal body 
was mentioned by De Robertis (46), by Sjéstrand (44), and by Yamada (48); 
for the guinea pig visual cells Sjéstrand (44) described a system of cross-wise 
filaments at the base of the ciliary filaments. These basal filaments were said 
to be intimately related to the prominent mitochondria in the distal portion 
of the inner segment. Miller (55) concluded that the concentrically banded 
structure of the distal retinal cells in Pecten also has a ciliary-like ultrastruc- 
ture. De Robertis (63) briefly described the development of the differentiated 
outer segment from the apical portion of the primitive cilium. It will be re- 
called that Walls (64) supported a theory of origin of the outer segment 
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based on a homology with a flagellum, a theory to which Willmer (65) also 
subscribed in his concept of visual cell phylogeny. From the point of view of 
present day knowledge of ultrastructure, there appear to be many similarities 
between cilia and flagella (66), and some students of visual cell ultrastructure 
(49) have referred to the developing outer segment as a flagellum. The pineal 
eye of certain lizards was examined by electron microscopy (67, 68). Cells 
were described with inner and outer segments structurally like those of the 
vertebrate lateral eyes. The outer segments showed multiple transverse discs; 
the inner segments revealed the presence of mitochondria, tubules, and a 
dense structure like a basal body from which filaments were seen to emerge, 
forming a connecting cilium. The ultrastructure suggests not a vestigial 
organ, but a functional photoreceptor. 

The region of the outer plexiform layer is currently receiving attention 
from electron microscopists. In this review, space is available for a discussion 
of only those features of this region on which some agreement appears to 
have been reached. The most thorough single contribution is the three- 
dimensional reconstruction of the guinea pig visual cell-bipolar synapse made 
by Sjéstrand (69). The outstanding feature, for this reviewer, was the descrip- 
tion of the invaginated synapse of the alpha-type visual cells (those char- 
acterized by small, ovoid, rod-type spherules). Two dendritic branches of 
bipolar cells (possibly from separate bipolars) enter an invagination of the 
spherule plasma membrane. The dendritic terminals enlarge to form vesicular 
endings which come into proximity with a triad of vacuoles. Two of these 
vacuoles form a characteristic pair with which the dendritic terminals come 
into close contact. The third vacuole usually shows a hook-shaped process. 
No direct continuity was observed to exist between dendritic endings and 
vacuoles. A strongly osmiophilic synaptic ribbon was seen to lie in the furrow 
between the vacuoles of the characteristic pair. Within the ground substance 
of the rod spherule were seen numerous granules or vesicles. These were also 
found within the vacuoles and oriented along the surface of the synaptic 
ribbon. De Robertis & Franchi (70, 71) reported changes in location and in 
size distribution for these small vesicles in response to exposure of the eye to 
light and to darkness. They consider the possibility that these vesicles play a 
role, as has been suggested for other junctions, in the process of transmission. 
The results so far are few and not convincing, but certainly this idea should 
not be discarded without further trial. Claims are still being made that pro- 
longed sensory deprivation of the visual system leads to changes in retinal 
morphology (72) and in retinal chemistry (73). Such claims are of interest 
not only to those interested in cellular mechanisms, but also to those who 
have detected behavioral effects following such deprivation (74). Ladman 
(75) studied the visual cell-bipolar synapse in the retina of the albino rat. He 
noted the presence of a prominent mitochondrion and an aggregation of 
dense material (acriform density) located near the cleft between the lobes of 
the dendritic terminals. Synaptic vesicles (granules) were noted in the cyto- 
plasm of the dendritic terminals. The generality of this synaptic morphology 
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for the vertebrate eye is indicated by the fact that in many of its essentials 
this morphology was seen in the retina of the larval toad (76). The osmio- 
philic synaptic ribbon system, in which multiple ribbons were often found, 
the intimate relations of this ribbon system with the presynaptic membrane, 
and the extraordinary collection of synaptic vesicles around the ribbons were 
all features of the toad retina. These invaginated synapses are not necessarily 
limited to the region of the rod spherule. Similar invaginated junctions were 
found in the region of the cell body of the visual cell (70, 75). Lateral inter- 
connections between visual cells have also been studied in recent investiga- 
tions. Sjéstrand (69) described a complex and apparently highly organized 
system of connections. between the alpha and beta cells of the guinea pig 
retina. The beta cells were assumed to be linked to the bipolars in the manner 
described for the alpha cells except for the fact that the number of vacuoles, 
synaptic ribbons, and dendritic terminals is greater. Branches from the 
synaptic bodies of the beta cells (cells provided with conical foot pieces) 
reach out and make contact with the dendrites which invaginate into the 
alpha cells. Each of two such beta cells makes contact with the two dendrites 
to the alpha cell whereas for two other beta cells the lateral connections are 
to only one of the dendrites. The functional significance of this arrangement 
is not clear but in a general way it appears to provide for interaction between 
pathways originating in different types of receptors. 


THE VISUAL PIGMENTS 


Developments in the field of visual pigments have occurred so rapidly in 
the last few years that the excellent new book by Dartnall (77) could be 
significantly enlarged merely by addition of new information. It is only pos- 
sible in the space allotted to summarize some of these new data. The com- 
parative study of visual pigments has been extended to include many more 
vertebrates. Taxonomic, evolutionary, ecologic, and developmental factors 
have been examined and in some cases significant relations have been made 
out. The comfortable textbook view that there are three visual pigments— 
rhodopsin, porphyropsin, and iodopsin—has been quietly put away. Evi- 
dence for the existence of a spectral multiplicity of such photopigments has 
mounted so rapidly that there are few gaps remaining in the region from 478 
to 533 my (78, 79). Yet all of them fall into two basic groups according to the 
nature of the chromophore: retinene; and retinenez chromoproteins. The 
occurrence of pigments in specific spectral locations is probably not hap- 
hazard but may well represent outcomes of ecologic and other pressures. This 
will be illustrated in parts of the following discussion. 

Human rhodopsin.—An important recent contribution was the descrip- 
tion of certain properties of the human scotopic pigment (80). This substance 
in digitonin solution was found to have an alpha-band with maximum at 493 
my, some 7 mu less than the corresponding maximum for the difference spec- 
trum of the rhodopsin in situ within the outer limbs. The difference spectrum 
of rhodopsin in the outer segments was inferred from the hydroxylamine 
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difference spectrum obtained by bleaching a suspension of rod particles. A 
similar discrepancy for frog rhodopsin was reported by Sidman (23). The 
difference, if it is real, may be the result of the manner in which rhodopsin 
molecules are fixed in a solid state within the rods. The human spectral 
sensitivity curve, after appropriate corrections were made for pre-retinal 
absorptions, was found to agree precisely with the difference spectrum of 
rhodopsin obtained by measurements of the outer segments. Human rhodop- 
sin was also shown to resemble other visual pigments in yielding all-trans 
retinene,; on bleaching and in being regenerated following the addition of the 
11-cis isomer. 

Visual pigments of deep-sea fish.—In 1956 Denton & Warren (81) secured 
evidence for the presence in deep-sea fish of retinal photopigments with 
absorption maxima as low as 480 my. This was rapidly confirmed and reti- 
nene; was discovered to be the chromophore (82 to 84). The possibility exists 
that these pigments developed as an adaptation to the quality of light reach- 
ing these depths from the surface or to the quality of the bioluminescence at 
these depths. It is interesting to note that the eyes of such fish have become 
adapted to their poorly lit benthic environment in several ways. The density 
of visual pigment is often extraordinarily high, and well o-er 90 per cent of 
blue-green light striking the retina is absorbed (85). The outer segments are 
unusually long (86), and Vilter (87) described the superposition of several 
layers of outer segments in the retina of Bathylagus benedicti. In addition the 
intraocular media are transparent and little light is lost in passing between 
the tightly packed rods (85). All these factors tend to add up to a system with 
a high quantum capturing capacity. There are several fish which are able to 
transfer from deep to shallow water. One of these, the Conger eel (Conger 
conger), appears to retain the deep-water type of visual pigment even during 
the period of its life in shallow water. In the Atlantic eel (Anguilla anguilla), 
a shift occurs from a purple pigment in the retina of the immature, fresh- 
water animal to the golden, deep-water retinal system as the eel metamor- 
phoses preparatory to re-entry into the sea for its sexual phase (88). During 
this metamorphosis the eye enlarges but the number of visual cells apparently 
remains the same and the diameter of the outer segments doubles. It is not 
yet known whether or not the pigment change involves a retinene>-to-reti- 
nene; shift such as occurs during the metamorphosis of some amphibia and 
lampreys. 

Visual pigments of geckos.—Reptilian retinal photopigments have been 
successfully extracted (89, 90). In gecko retinas, retinene,; chromoproteins 
were discovered with spectral locations not in the usual position of typical 
terrestrial-type rhodopsin, but at wavelengths 18 to 30 my further towards 
the red (89). It was suggested that these unusual substances might be bio- 
chemical correlates of visual cells in the active process of transmutation from 
cones to rods, in accordance with the theory of Walls (91). This story was 
told elsewhere (79) and need not be repeated here. Recent findings have once 
more stressed the point that the gecko retina combines high threshold sensi- 
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tivity with good visual acuity (92, 93). The latter property is probably asso- 
ciated with the small degree of morphological summation noted by Tansley 
(93) and mentioned previously by Walls (94). The unusual position of the 
gecko visual pigments should be expected to result in the possession by 
geckos of unusual spectral sensitivity curves. This is realized in the results of 
Denton (95) who employed the pupil reactions as an index of sensitivity and 
in the studies of Dodt & Walther (92) who similarly employed the ERG. 
Dodt & Walther obtained the ERG from two geckos: Tarentola mauritanica 
and Hemidactylus turcicus. No Purkinje shift was detected in Tarentola, and 
the spectral sensitivity curve was maximal at about 530 to 532 mu. Crescitelli 
(79) studied the retinal photopigment of Tarentola and obtained a difference 
spectrum with a maximum at about 528 my. Using Hemidactylus, Dodt & 
Walther recorded a sensitivity curve with maximum at about 524 mu. The 
difference spectrum for the pigment from this gecko (79) had a maximum at 
about 523 my. In Hemidactylus a fall in sensitivity at lower wavelengths 
occurred following light adaptation, suggesting the possible presence of a pig- 
ment absorbing in the blue region (92). Crescitelli noted in another species of 
Hemidactylus (H. frenatus) the possible presence of an additional photopig- 
ment absorbing maximally at about 490 my (79). The electroretinograms 
from these two geckos are of special interest also because they differed so 
markedly from each other. That from Tarentola had a prominent d-wave 
such as is seen in eyes with many cones (horned toad, ground squirrel). The 
ERG from Hemidactylus showed no d-wave, even after light adaptation, but 
a prominent c-wave was evident. 

Other recent developments in the area of vertebrate visual pigments 
were: the finding of a dual system in lampreys (96, 97), the further elucida- 
tion of the dual system in amphibia (79), the discovery that the thyroid hor- 
mone probably plays a role in the shift of porphyropsin to rhodopsin during 
amphibian metamorphosis (98), and the addition of further data on the 
visual pigments of euryhaline fish (99, 100). 

Invertebrate visual pigments.—Until recently only occasional attempts 
were made to investigate the visual pigments of invertebrates. The photo- 
pigments have been examined in the case of the squid (101), the octopus 
(102), the cuttlefish (102), the lobster (103), and the honeybee (104, 105). 
These studies suggest that the visual pigments in these organisms are funda- 
mentally similar to those of vertebrates. Retinene; appears to be the chro- 
mophore, and retinenez has not been reported in any invertebrate visual 
protein. It is also of interest that vitamin A, has been found in many inverte- 
brates (57), that in some of these animals it is found concentrated in the eyes 
(57, 106, 107), and that the isomeric form of the vitamin is largely the 11-cis 
form, which is believed to be the specific chromophore of vertebrate visual 
pigments. In addition, Fisher & Kon (57) reported that vitamin A is present 
in large quantities in the ommatidia, especially in the region of the rhabdomes. 
All of these observations suggest a biochemical generality in the nature of the 
visual substances of vertebrates and of those invertebrates which have been 











534 CRESCITELLI 


examined. Present knowledge indicates that the vitamin-A2 system occurs 
first in the cyclostomes although even in these ancient vertebrates the A; 
system also has developed (96, 97). 

The examination of visual pigments in the eyes of insects has begun, and 
some interesting prospects appear to lie ahead in these studies. After showing 
that retinene; was present in extracts of honeybee heads, Goldsmith (104, 
105) obtained from them a photopigment which yielded a difference spectrum 
with Amax at 450 mp. Unlike other visual chromoproteins, this was readily 
soluble in water. Head-extraction was applied to house flies (108) and this 
led to the finding of a light-sensitive pigment with an absorption peak at 437 
my. No retinene was found associated with this, and neither the nature nor 
significance of this substance is known. Electrical responses to color obtained 
from the compound eyes and ocelli of insects suggested the presence of mul- 
tiple pigments. The median ocellus of the worker honeybee gave not only 
electrical responses which showed evidence of specific wavelength effects, 
but also a spectral sensitivity curve with two peaks, one at about 490 my, 
the other at about 335 to 340 my (109). It will be recalled that behavioral 
studies have suggested that these insects can perceive the near ultraviolet 
and perhaps even have some form of color vision (110, 11*). The compound 
eyes of drone bees showed a sensitivity curve with peak at 440 my (105). The 
cockroach ocellus and compound eye have also been investigated. From the 
ocellus, there was evidence for only a single receptor with maximum at about 
500 my (109). From the compound eye Walther reported finding a receptor 
with maximum at about 507 my and a second one with high sensitivity prob- 
ably in the near ultraviolet (112). Sensitivity in the near ultraviolet is not 
of itself evidence for a separate pigment or separate ultraviolet receptor. It 
is known, for example, that rhodopsin has a second absorption peak at about 
350 mp (80) and that light at this wavelength can bleach rhodopsin (77). 
There is therefore good reason for light at this wavelength to be effective in 
vision unless, as in the human eye, this light is absorbed before reaching the 
sensory cells. It is well known that removal of the lens leads to a significant 
increase in sensitivity to the near ultraviolet (113), and recently electro- 
retinographic responses to these shorter wavelengths were recorded in 
aphakics (114, 115). Walther & Dodt (116) employed the ERG and deter- 
mined the relative spectral sensitivity of the compound eyes of the fly Calli- 
phora erythrocephala and of the roach Periplaneta americana. In addition to 
the usual peak in the general region at 500 my there was found in the fly eye 
and upper part of the roach eye a peak in the ultraviolet region somewhere 
between 341 and 369 my. The two peaks were selectively influenced by 
adaptation to different colors. These results indeed suggest the existence of 
two separate receptors, one sensitive in the ultraviolet. Nothing is known, 
however, about visual pigments which absorb chiefly in the region below 
400 mu. 

A study of the special properties of the squid pigment led to some impor- 
tant information about the photochemical and thermal reactions of these 
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chromoproteins (101, 117). Squid rhodopsin (Amax=493 my) in alkaline solu- 
tion (pH =9.5-10) was illuminated and was found to be changed to a sub- 
stance which appeared to be neither a retinene-opsin Schiff base nor the free 
retinene, but rather alkaline metarhodopsin (Amax = 380 my). This could be 
altered either by acidification which led to acid metarhodopsin (Amax = 500 
my) or by illumination which changed the absorption curve to one with a 
Amax at 485 my. The latter spectrum was interpreted to result from a mixture 
of isorhodopsin and rhodopsin. Illumination of the acid metarhodopsin gave 
only rhodopsin. Heat denaturation of the metarhodopsins caused release of 
retinene,; but none of the rhodopsin-metarhodopsin reactions were asso- 
ciated with release of retinene or of sulfhydryl groups. Kropf & Hubbard 
(118) reported some convincing experiments which suggested that the reti- 
nene of squid rhodopsin is the 11-cis isomer whereas the metarhodopsins 
have the all-trans form. If one accepts the evidence that the metarhodopsins 
still have retinene bound to the protein, these experiments imply that light 
isomerizes the chromophore while it is still attached to the protein. Hubbard 
& Kropf (117, 118) extended this hypothesis to cattle rhodopsin in an experi- 
ment in which this pigment, at low temperature, was illuminated and was 
found to be altered to a mixture of metarhodopsin, containing all-trans 
retinene;, rhodopsin, and isorhodopsin. The last two substances are known, 
of course, to have the 11-cis and 9-cis isomers, respectively. Photoisomeriza- 
tion, presumably, was responsible for yielding the metarhodopsin and the 
regenerated pigments. Recent experiments are interpreted as consistent with 
the Hubbard-Kropf mechanism (119 to 121). Further developments brought 
lumi-rhodopsin (and lumi-iodopsin) more specifically into the picture (122 
to 124). The suggestion in these experiments was that the change from rho- 
dopsin (or iodopsin) to lumi-rhodopsin (or lumi-iodopsin) involves the 
stereoisomeric change of the 11-cis to the all-trans isomer whereas the further 
change from lumi-rhodopsin (or lumi-iodopsin) to metarhodopsin (or metaio- 
dopsin) involves a rearrangement of the protein. The key effect which led 
the investigators to this last conclusion was, apparently, the failure of the 
metarhodopsin-rhodopsin interconversion at temperatures below —65°C. 
One can only admire both the experimental design and the reasoning which 
led to the filling in of these important gaps in the visual cycle but, at the 
same time, it is clear that these are only test tube cycles. It remains for 
future investigators to demonstrate whether or not they have physiological 
significance. The Hubbard-Kropf mechanism will have to be fitted into the 
facts that isorhodopsin is normally not found along with rhodopsin in the 
vertebrate eye and that regeneration of rhodopsin in the living human eye 
occurred at the same rate for isomerizing blue light and matched non-iso- 
merizing yellow light (125). In addition Denton’s discovery (59) that vita- 
min A is still oriented within the outer segment for a time after bleaching 
must be explained or accommodated within the cycle. All these findings may 
eventually be explained satisfactorily in terms of special mechanisms within 
the cell but still inside the framework of the Hubbard-Kropf hypothesis. 
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Cone pigments.—The nature and number of photopigments which medi- 
ate photopic functions are questions which continue to vex visual scientists. 
One view even suggests that some photopic functions utilize visual purple. 
There is the old idea, for example, that rods constitute the blue pathway 
which, together with two types of cone pathways, forms the basis of tri- 
chromacy in color vision (2). In recent years Willmer (126) believed the rods 
acted in this manner, his argument being founded chiefly on the dichromacy 
of the central foveal retina. As Brindley (2) pointed out, however, the cor- 
relation between the size of foveal field involved in dichromacy and the 
foveal area free of rods is so uncertain that no real argument can be made for 
or against this hypothesis. Hurvich & Jameson (127) also pointed out that 
yellow-blue losses in small field stimulations are not, in fact, limited to the 
central fovea and that in addition even the central fovea is not blue-blind if 
the stimulus luminance is made sufficiently high, a point which Willmer 
(128) conceded. Another argument in favor of the participation of rods in 
photopic functions was presented by Dodt & Walther (129) in connection 
with the spectral sensitivity curve of the albino rabbit. Using flicker retinal 
potentials as a measure of response, these investigators found the photopic 
sensitivity curve, after correction was made for reflectior from the albino 
fundus, to be in agreement with the absorption curve of rhodopsin. Func- 
tional cones were considered to be present since high flicker-fusion frequen- 
cies were obtained. Dodt & Walther’s case would be greatly strengthened if 
the same photopic sensitivity curve were obtained under conditions other 
than the special ones of flickering-flashes and if additional independent evi- 
dence for the existence of functional cones were available. The possibility 
that photopic-like rods occur in typical congenital achromatopsia was sug- 
gested once again by Sloan (130). She obtained, from these achromats, 
bipartite curves suggesting the occurrence not only of scotopic rods, but also 
receptors which adapted rapidly and which had a high threshold when dark 
adapted. A comparison of the relative sensitivities of these receptors to blue 
and to white light, as compared with the normal eye, led Sloan to the sug- 
gestion that they could be visual purple receptors of a special type. Precise 
identification by means of a spectral sensitivity curve was not made, how- 
ever. 

Another point of view is that the cone system requires but one photopig- 
ment with which to mediate all its functions. Attempts to extract such pig- 
ments from pure cone retinae such as that of the ground squirrel have failed 
(79) although Weale (131) noted a selective in vivo density change following 
illumination of the pure cone eye of the grey squirrel. The difference spectrum 
for this change had a maximum at gbout 535 my which is in approximate 
agreement with the spectral sensitivity data, based on electroretinography, 
of Arden & Tansley (132). At the present time, however, iodopsin is the only 
clearly demonstrated cone pigment which has been obtained in solution 
(133). It is possible of course for the cone system to mediate its functions 
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with but one photopigment in the outer segments. In birds and reptiles the 
colored oil droplets of the cones could, for example, serve as a basis for a 
system of color vision. It has in fact been suggested that the spectral sensi- 
tivity curves of certain fresh-water turtles are such as to implicate the colored 
oil droplets which are known to be present (134, 135). Whatever the merits 
or limitations of the oil-droplet idea, it cannot be applied to animals such as 
primates who have no colored droplets even though they have developed a 
system for color vision. Ingelstam (136) presented a theoretical treatment of 
the cone outer segments with their laminated ultrastructure as interference 
filters capable of retaining the energy of specific frequency bands within the 
structure as standing waves. Detailed morphological and biochemical knowl- 
edge of the living visual cells is hardly complete enough or precise enough to 
permit a clear decision on Ingelstam’s suggestion, but Sidman’s data (38) on 
the refractive indices of rods and cones are not nearly high enough to fulfill 
the requirements of Ingelstam’s theoretical treatment. Another hypothesis 
similarly based on detailed morphological and optical properties, rather than 
on multiplicity of visual pigments, was reported by Barer (137). This sug- 
gestion involved the possibility that cones with but one broad-banded photo- 
pigment would acquire the property of selectivity as the result of character- 
istic geometry and refractive index which would lead to selective trapping of 
energy by internal reflection. This, like Ingelstam’s idea, requires detailed 
information about the living visual cell which at present we do not have and 
which, with present techniques of handling tissues, may not be obtainable. 
In any case, both these suggestions must explain recent developments in the 
area of cone pigments. One of these is the claim (138) that cones in the carp 
retina are provided with five or six different bleachable pigments. In a few 
cases two separate difference spectra were recorded from the same outer 
segment. There is no evidence as yet that these results were attributable to 
visual pigments although the measurements were restricted to the cone outer 
segments. Probably the most convincing evidence showing that cones are 
provided with photopigments and that these are, in fact, visual pigments was 
presented by Rushton (139 to 143). Using his ingenious reflection method for 
the in vivo analysis of retinal pigments, Rushton obtained evidence for the 
occurrence of two photopigments in the normal human fovea. One of these 
gave a difference spectrum with maximum at 590 muy, the other, a maximum 
at 540 mu. The pigments were named erythrolabe and chlorolabe, respec- 
tively. From the protanopic fovea only chlorolabe was found in twice the 
amount of the normal eye, and the chlorolabe difference spectrum agreed 
with the spectral sensitivity curve of the protanope. The chlorolabe of the 
protanope regenerated rapidly in the dark requiring about 8 min. for com- 
plete restoration. In the fovea of the deuteranope both erythrolabe and 
chlorolabe were noted. Rushton concluded that whereas the normal fovea 
has both green-sensitive, chlorolabe-containing cones and red-sensitive cones 
with a mixture of both of these pigments, the protanope has lost the latter 
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receptors and the deuteranope lacks the green-sensitive receptors while re- 
taining some green sensitivity because of the presence of the cones with the 
mixture. This work not only provided evidence for the existence of two pig- 
ments for color vision but also indicated that dichromatism of the Konig 
type (caused by a deficiency) and of the Fick type (caused by fusion) occurs. 
Rushton had no evidence for the existence of a blue-sensitive pigment al- 
though he did coin the word cyanolabe. There is some evidence for the oc- 
currence of such a photopigment in the human retina (144) although it will 
be recalled that Willmer (126) considered the central fovea to be blue blind. 
Rushton (142) also studied the kinetics of bleaching and of regeneration of 
the cone pigments in the human fovea. These studies led him to three in- 
teresting conclusions. One was that the light necessary for half bleaching was 
some 1000 times greater than Hecht (145) assumed in applying his photo- 
chemical theory to various functions. The second was the finding of a high 
photosensitivity of cones, and this was assumed to occur as a result of the 
concentration of the visual pigment in a discrete region of the cone outer 
segment. This last speculation would serve to explain (a) the high density 
in vivo of cone pigment in the face of a minute total quantity and (b) the 
Stiles-Crawford effect. The third conclusion was that rezeneration of the 
foveal cone pigment was a first order reaction unlike the in vitro regeneration 
of iodopsin which was observed to follow second order kinetics (133). Rushton 
concluded that in the eye the retinene concentration (thus implying that 
erythrolabe and chlorolabe are retinene pigments) is kept at a constant and 
low value. This was assumed to result from the interconversion of retinene 
and vitamin A so that the concentration of the aldehyde is kept at buffered 
constancy. 


ELECTRICAL ACTIVITY OF THE RETINA 


The origin of excitation.—The beautiful work of Hartline and his asso- 
ciates (146 to 148), showing that light stimulation of the Limulus ommatid- 
ium includes a slow depolarization associated with a discharge of impulses, 
suggested the hypothesis that the visual cells, like certain other receptors 
which have been examined, involve the production, after photons are ab- 
sorbed by the photopigment, of a generator potential which is, in turn, re- 
sponsible for the initiation of an impulse discharge. Fuortes (150) re-ex- 
amined this problem and reaffirmed this general thesis. He employed a 
pipette microelectrode and recorded both slow and spike activity from what 
he tentatively considered to be the inside of the eccentric cell. He found, as 
MacNichol had noted before him (147), that the frequency of discharge and 
the amplitude of the slow depolarization were each proportional to the loga- 
rithm of the light intensity and that the frequency of firing was a linear 
function of the generator potential. Moreover, depolarization of the mem- 
brane by means of applied current yielded discharges whose frequency was 
linearly related to the applied current. MacNichol (151) further demon- 
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strated that the slow depolarization could also be produced at light intensi- 
ties below the threshold required for spike production, and Yeandle pre- 
sented his view (333) that these subliminal slow potentials may be quantized 
and that possibly a single quantum response was given by the Limulus prepa- 
ration. These are all significant findings but a number of questions remain 
unanswered. Where exactly was the microelectrode in these experiments; 
do the retinula cells and the rhabdom also give rise to electrical responses 
and, if so, of what type; what is the functional relationship between retinula 
cells and eccentric cell, between rhabdom and dendrite of the eccentric cell; 
should the eccentric cell be looked upon as the receptor cell or is it more like 
the bipolar neuron of the vertebrate retina? What, if any, is the role of the 
retinular cell axon? Tomita (152) and Lipetz (149) discussed some of the prob- 
lems posed by the multiple nature of the Limulus ommatidium but it must 
be admitted that little real light was cast on the exact site of the generator 
potential and on the site of production of impulses. 

The missing pieces in this general account of excitation lie, of course, in the 
nature of the events which intercede between absorption of photons and the 
generator potential. We do not lack suggestions regarding the possible nature 
of some of the reactions which precede the generator potential. These include: 
the liberation of —SH groups (22), of proton binding groups (22), of metal 
or other ions (153, 154); the activation by light of a previously inactive en- 
zyme system or the freeing of some physiologically active compound (22, 
149). Several suggestions were made that the visual pigment solid state sys- 
tem of the outer limbs may act as a semiconductor (155, 156). It is generally 
agreed that the events of bleaching, such as the production of indicator 
yellow, retinene, and vitamin A, are probably too slow to be considered as 
candidates for the excitatory reactions. It will also be recalled from a pre- 
vious section in this review that Hubbard & Kropf regarded the initial isom- 
erization and subsequent rearrangement of the protein, while the retinene 
is still attached, as crucial first links in the chain of events leading to the 
discharge. The involvement of a specific protein change in the process of 
excitation is intuitively satisfying, but at present the visual physiologist is 
in no better position than is the student of the nerve impulse who wishes to 
know the nature of the initial permeability change of the nerve fiber which 
permits entry of sodium ions. It is worth pointing out for the benefit of those 
who might wish to implicate possible metal ions in the rhodopsin molecule 
that spectroscopic examination of specially purified rhodopsin solutions 
revealed no trace of metal (157). The idea of a generator potential in the 
receptor structure was applied to the visual receptors of the squid (158). On 
the assumption, supported by intraretinal microelectrode probings, that the 
transretinal potential was the result of longitudinal current flowing between 
the receptors and entering their light-absorbing ends, it was calculated, on 
the basis of a measured transretinal resistance of 5 ohms/cm.?, that at least 
500 electronic charges entered the ends of the receptors per quantum of 
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green light, truly a high current gain. The nature of this current amplifying 
mechanism of the visual cell has usually been linked to the oriented arrange- 
ment of the visual pigments within the cell structure (22, 154). 

Intraretinal potentials.—Microelectrode probings of the retina provided 
many details of possible retinal mechanisms and interactions. Some of the 
results appear to fit in well with conclusions reached by way of other ap- 
proaches. Other results are more difficult to interpret, and in regard to these 
many differences of opinion have arisen. It is well to emphasize here the fact 
that the retina, besides being a complex structure whose detailed morphology 
is still uncertain, is an extremely sensitive tissue and may respond to adverse 
environmental changes by giving rise to responses which, though interesting, 
may have only pathological significance. This is especially true for the case of 
excised eyes and isolated retinae. The complexities are compounded by the 
fact that the retinae of different species probably react differently so that 
attempts at interspecies correlations only increase the difficulties. An ex- 
ample of what may occur is the phenomenon described by Gouras (159) in a 
toad retina. This consisted of a spreading depression which Gouras likened 
to Leao’s spreading cortical depression. It involved the appearance of a gray 
mist which started from a point of origin and spread at a ra‘e of about 1 mm. 
per min. As it reached a recording electrode there was an increase in spon- 
taneous activity and a spike discharge along with a negative DC shift. Ac- 
companying the DC change was a striking but reversible depression in 
excitability during which even intense illumination would not elicit activity. 

Spike activity—A microelectrode inserted into the retina to various 
depths reveals, in response to illumination, a number of electrical phenom- 
ena. The situation is complicated by the facts that the responses depend on 
the age and condition of the preparation, the kind of electrode, and on other 
factors associated with this type of investigation. One point is certain, that 
action potential spikes are recordable by appropriate microelectrodes in- 
serted into the living retina. Rushton (160) demonstrated spikes originating 
in large ganglion cells of the cat retina, and Barlow (161) recorded diphasic 
spikes from the vitreal surface of the frog retina. He considered them to be 
from the ganglion cells; and more rapid, triphasic potentials he thought 
originated in nerve fibers. Similar ganglionic and axonal activity was ob- 
tained by Kuffler (162) from the retina of the unopened cat’s eye. Tomita & 
Funaishi (163) recorded spikes in the bullfrog retina from the nerve fiber, 
the ganglion cell, and the inner plexiform layers. Occasionally, small spikes 
were found in the inner nuclear layer. Brown & Wiesel (29) wrote about unit 
spike activity in both the ganglionic and inner nuclear layers of the cat 
retina. Interaction, during light adaptation, of a type previously found for 
the ganglionic cells (164) was mentioned as occurring in the inner nuclear 
layer. By means of intracellular recordings Wiesel (165) demonstrated the 
occurrence of inhibition associated with hyperpolarization in the ganglion 
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cells of the cat retina. Interaction was obtained between the depolarizing 
excitatory mechanism and the inhibitory mechanism. 

Slow intraretinal potentials—A penetrating microelectrode will record, 
in response to illumination, not only the ERG, but, in addition, slow negative 
potentials at ‘‘on” and at “‘off’’ which at times and at certain retinal loca- 
tions, will appear as if they were merely inverted records of the ERG. Low- 
frequency oscillations are often superimposed on these intraretinal negative 
potentials. These potentials were first described and further analyzed by 
Tomita and his colleagues (30, 163, 166 to 168). Ottoson & Svaetichin (169, 
170) were unable to detect the complex Tomita pattern and considered the 
results possibly ascribable to injury. Further study revealed that an intra- 
retinal negativity (IN) is, in fact, associated with a fresh preparation and is 
lost from an aged and deteriorating retina in which the ERG is still retained 
(171, 172). A number of characteristic differences were reported between the 
intraretinal ERG and the IN. In contrast to the ERG which is a diffuse 
phenomenon, the IN is recorded only by focal illumination and is not elicited 
with the microelectrode at one spot while illuminating a distant spot (167). 
The ERG varies in a simple manner with variations in light intensity whereas 
the Tomita pattern, which includes the IN, changes in a complex manner 
(172). Whereas the ERG shows additivity with respect to multiple retinal 
illuminations, responses containing IN have no such simple relation to these 
illuminations (172). Presumably, interaction is an important factor in the 
structures which give rise to IN. This is the behavior to be expected on the 
assumption that the ERG arises in the visual cells and the IN arises in neu- 
ronal elements (172). It is difficult to avoid the conclusion that the ERG and 
the IN represent distinctly different types of activities. Apparently, both 
these components can be present in intraretinal recordings at certain retinal 
depths. This conclusion follows from (a) the observation that the aging of 
preparations results in loss of the complex Tomita response, revealing a nor- 
mal ERG (171); and (0) the finding that certain drugs abolish the IN, leaving 
behind the ERG (163, 168). 

The origin of the ERG and the IN.—On this subject one encounters both 
diversity of opinion and indecision. There is general agreement that the 
ganglion cell layer does not originate the ERG. This conclusion arose from 
the lack of effects of antidromic stimulations (173) and from the differential 
actions of cocaine, urethane, temperature, and anoxia on the ERG and optic 
nerve discharge (170). There is one view that the visual cells give rise to most, 
if not to all, the components of the ERG. Ottoson & Svaetichin (170) reached 
this conclusion on the basis of drug effects and through micrometer micro- 
electrode probings of the frog retina. With the fixed electrode at the inner 
retinal surface, no ERG was noted until the probing electrode reached a 
depth of 170 to 190 y, the region of the external limiting membrane. Further 
advance into the receptor layer resulted in amplitude increase up to a depth 
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of 200 to 250 yu. This experiment, in common with all procedures of this type, 
has the serious limitation that mechanical distortion of tissue and micro- 
electrode tip may lead to erroneous estimates of electrode location. A closely 
reasoned argument was made by Brindley (171, 172) for the thesis that the 
a-, b- and d-waves originate in the visual cells. Based on the evidence that 
the IN makes no contribution to the ERG and on the assumption that the R 
membrane, having high resistance and capacity, is the external limiting 
membrane, Brindley concluded that structures which penetrate this mem- 
brane must carry the current which produces the potential. Presumably 
these structures are the visual cells; and since no evidence was found to im- 
plicate other structures, the visual cells were assumed to be the generators. 
On paper, Brindley’s case is impressive but there is serious doubt about 
identifying the R membrane with the external limiting membrane. Brown & 
Wiesel (29) considered the R membrane of the cat retina to be Bruch’s mem- 
brane, and Tomita (174) reached the same conclusion for the frog retina. 
Tomita’s evidence that a comparable resistance was found with the retina 
removed but with the pigment epithelium intact is difficult to ignore. This 
difficulty in locating the position of the R membrane on:y emphasizes the 
objections to micrometer localization and the caution which is necessary in 
interpreting results based only on this approach. Tomita and his colleagues 
prefer an interpretation which implicates the bipolar cell layer as the source 
of the a-, b- and d-waves. The matter was brought to a focus by Tomita & 
Torihama (168) who, using coaxial, pencil-type microelectrodes, found the 
intraretinal ERG increased throughout the bipolar cell layer but remained at 
constant amplitude through the outer nuclear and receptor cell layers. These 
results are in disagreement with those of Ottoson & Svaetichin (170), already 
discussed, but the difficulty may be simply insufficient precision of this ap- 
proach. In fact, Tomita & Torihama (168) admitted that the “inner portion 
of the receptors as the other possible source lies too close to the bipolars to 
distinguish its activity potentials, if any, from those of the bipolars with the 
present method.”’ The development of techniques to mark the position of the 
electrode tip (175, 176) may be of some aid in increasing the accuracy of 
localization. Brown & Wiesel (29) assigned a multiple origin for the several 
components of the intraretinal ERG of the cat. The a-wave was assigned to 
the outer segments, the b-wave and DC component to the outer plexiform 
layer, and the c-wave to the pigment epithelium. Since lidocaine (Xylocaine) 
was found to produce reversible block of the b-wave without influencing the 
a- and c-waves, these investigators also concluded that the b-wave is asso- 
ciated with impulse transmission. Both Lindsley and Potts in discussing the 
paper by Riggs (177) questioned the role of the b-wave in association with 
impulses in optic nerve fibers, and Noell (178) found the ERG in nine-day-old 
rabbits to consist of two cornea-negative waves without a b-wave. Yet from 
such animals ganglion cell discharges were recorded in response to illumina- 
tion. 
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The IN responses, as already explained, are assumed to be independent of 
the ERG and are thought to arise from the general region of the bipolars. 
Making use of the fact that such responses, but not the ERG, are recorded 
by focal illumination, Tomita & Torihama (168) recorded and located the IN 
potentials in this region. Brindley (172) agreed with this conclusion and 
interpreted the failure of remote electrodes across the retina to record the 
complex Tomita pattern as being attributable to the fact that the IN gen- 
erators act as symmetrical tripoles with respect to such electrodes. In am- 
phibia the bipolar cells with their Landolt clubs could conceivably act in 
such a manner. The significance of the IN is not known, but the possibility 
has been suggested that it is a generator potential essential for the discharge 
in the ganglion cells (163, 179). 

The graded photopic response.—In 1953 Svaetichin (180) reported the 
intraretinal recording from bream and perch of a sustained potential, graded 
with respect to light intensity, dependent on duration and wavelength and 
slightly influenced by continued illumination. Svaetichin considered that it 
might be a change in membrane potential of the cone myoid or pedicle and, 
therefore, consisted of a hyperpolarization of the membrane. He called it the 
cone action potential. From the cone action potentials elicited by colored 
light, he obtained 35 (selected out of 63) equal-energy spectral curves which 
were located along the visible spectrum in such a way as to suggest to Svaeti- 
chin a Young-Helmholtz type of distribution. Tomita (181) soon confirmed 
the occurrence in Cyprinus auratus of a retinal potential with the same con- 
figuration but he doubted that its origin was in the receptors and that the 
recording was intracellular. Svaetichin (182) next reported the finding of 
three types of equal-energy spectral curves from the retina of fish of the 
genus Mugil (species not given). One type was shown as a multihumped 
configuration with a main peak at about 574 mu. This was called a luminosity 
(L) curve. Assuming, once more, that the electrode was intracellular, the 
individual potentials were thought to consist of a hyperpolarization at all 
wavelengths. The potentials for the other two types of response curves (R-G, 
Y-B) were either hyperpolarizations or depolarizations according to wave- 
length. The R-G response involved depolarizations at shorter wavelengths 
with a maximum at 506 my and hyperpolarizationsat longer wavelengths with 
maximum at 639 my. The Y-B system had hyperpolarizations with maxi- 
mum at 460 my and smaller depolarizations with maximum at 610 mu. 
Svaetichin considered that he was dealing with chromaticity mechanisms, 
and he interpreted the reversal of potential with wavelength in terms of the 
Hering theory of antagonistic processes. Perhaps the most striking evidence 
for the presence of interacting opposing processes was furnished by Mac- 
Nichol & Svaetichin (183) in an experiment involving selective adaptation. 
By adapting the retina to light at 447 my, the DC potential swung further in 
the direction of hyperpolarization while depressing the G and slightly in- 
creasing the R potentials. Adaptation to light at 710 my caused a swing in 
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the direction of depolarization while abolishing the R waves selectively. 
Similar adaptations of the L responses resulted in hyperpolarizing shifts of 
the DC potential without selective effects on the shape of the L curve. There 
may, of course, be several explanations for this result but the simplest is in 
terms of two converging and opposing mechanisms. The results as presented 
by these investigators have one element of variability which should be 
pointed out. In the original investigation on Mugil (182) the R-G and Y-B 
curves were not the same, the G showing depolarizing, the B hyperpolarizing 
potentials. In a latter study (183) on Mugil, both G and B responses were 
shown in the direction of hyperpolarization though it was admitted that a few 
G and B potentials were depolarizing and a few R and Y responses were 
hyperpolarizing. Such variability is unexplained and is somewhat discon- 
certing as Grundfest (183) pointed out in discussing these results. Experi- 
ments with the carp retina by Motokawa (184) confirmed the reversal of 
sign of the potential according to wavelength. These investigators concluded 
that their recordings were probably intracellular and probably from neurons 
rather than from receptors. Recent work has indeed confirmed the non- 
receptor origin of these potentials. Using crystal violet spotting to locate the 
position of the microelectrode tip, MacNichol & Svaetichin (183) decided 
that the L responses were coming from the outer plexiform layer, possibly 
from large horizontal cells, while the chromaticity responses were originating 
in the inner nuclear layer, possibly bipolar cells. By means of spotting with 
Turnbull’s blue, Tomita (176) found the site of recording of these photopic 
responses to be at the border of the inner plexiform and inner nuclear layers. 
It is now clear that these are not cone potentials, as originally thought, but 
are derived from more proximal layers of neurons with which several cones 
interact. This idea fits in better with the finding that the potentials of the 
L responses have a field effect, decreasing and finally disappearing with de- 
crease in size of the illuminated retinal area (185). It should be noted that 
Oikawa, Ogawa & Motokawa (186) noted additional responses obtained 
infrequently, with very small electrodes and showing no field effect. They 
considered the possibility that these were of receptor origin. The important 
problem as to whether or not the Svaetichin potentials are indeed intracel- 
lular is still outstanding. Proponents of the intracellular origin (183, 184) 
referred to the presence of resting potentials, the large size of the graded 
photopic responses, and other behavior to support this position. The effects 
of currents applied through the microelectrode have not yet been reported 
but this is obviously an important test for the presence of a membrane. 
MacNichol & Svaetichin (183) introduced evidence from comparative physi- 
ology. Of several fish tested only the mullet gave L, R-G, and Y-B systems. 
Deeper-water fish (Lutianidae) gave only an L curve with maximum at 490 
my. From shallow-water fish L responses were recorded with maxima at 
wavelengths longer than 490 mu. Curves of the Y-B type were also obtained 
from Serranidae and R-G responses from the Centropomidae. The ecological 
relations of the various fishes employed were not precisely stated, but the 
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authors thought the results fitted the expectations of ecologists for the pres- 
ence and absence of color vision mechanisms. These intriguing experiments 
by Svaetichin and his group may be interpreted in several ways. A highly 
critical point of view is that the results represent some sort of elaborate arti- 
fact. This appears highly improbable, and a most ingenious and complicated 
artifact indeed would be needed to account for potentials whose polarity 
varied with wavelength in some cases but not in others, and which were 
selectively influenced by chromatic adaptation. Another interpretation is 
that the results represent interesting examples of electrophysiological phe- 
nomena but that there is no need to invoke interpretations of color vision 
mechanisms. This is in direct contrast to Svaetichin’s view that the R-G and 
Y-B responses are, in fact, signs of color discriminating mechanisms. 
Svaetichin’s argument was based simply on the ecological relations of the 
fish from which R-G and Y-B responses were obtained and on the thesis that 
fish have been shown to have color vision (187). Still another interpretation 
is that whereas the R-G and Y-B potentials may be associated with color 
mechanisms in fish, there is no need to extrapolate these to the problem of 
human color vision. The attractiveness of an all-inclusive generalization may 
easily beguile one into failure to recognize that more than one mechanism of 
color vision may have evolved independently in separate vertebrate classes. 
In birds and reptiles, for example, a mechanism based on the colored oil 
droplets of the cones might well have arisen independently of other systems. 
Svaetichin’s chromaticity responses have not yet been reported for the mam- 
malian retina though the hyperpolarization in response to white light was 
noted in the cat retina (165, 184, 188). Jacobson (189) was able to show that 
the isolated human retina can be kept alive long enough for some electrical 
recording so that the possibility of testing the primate retina is a reasonable 
one. From the neurophysiological point of view the idea of impulse discharge 
associated with hyperpolarization is somewhat unorthodox, and it is certain 
that in the near future the relations of depolarizing and hyperpolarizing 
stimulations to spike discharges will be worked out and some clarifying sug- 
gestions will emerge. Grundfest (190) has already speculated on the possible 
occurrence of specific depolarizing and hyperpolarizing transmitter sub- 
stances for activation of bipolar, horizontal, and ganglion cells. Using a 
lithium-carmine method to spot the position of the electrode tip, Mitarai 
(191) concluded that the hyperpolarizing potentials were probably from 
horizontal and amacrine cells and that these cells probably are not neurons 
but elements which react differently. Oikawa, Ogawa & Motokawa (186) 
similarly concluded that the horizontal cells may give rise to the positive 
potentials. It is undoubtedly true that in all these studies too little attention 
has been paid to the horizontally directed elements of the retina. 


THE CLASSICAL ELECTRORETINOGRAM 


The ERG as recorded by means of external electrodes, one on the cornea, 
is still attracting the interest of many investigators. During the preparation 
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of this review more references on this subject were collected than on any 
other phase of vision. There is space here for only a few of these references. 
The clinical applications of electroretinography are beyond the scope of this 
review. For those who are interested, references (192 to 198) include some 
recent ideas. The great limitation of the ERG as an object of study is that 
its origin and meaning are not precisely known. The great advantage is that 
it can be recorded quickly and simply from the uninjured, unanesthetized 
animal. The use of man as a subject enlarges the scope for the ERG to include 
psychophysical and medical interrelations. 

The human ERG.—Riggs (177, 199) gave a neat sketch of the history, 
the techniques, the difficulties, the limitations, and the progress made in 
human electroretinography. Riggs pointed out that the human ERG shows 
a-, b-, d- and sometimes slow, positive c-waves. He noted that both scotopic 
and photopic components have been discovered in the human ERG. One 
important aspect of recent studies was the examination of the quantitative 
relations of these components to various parameters of stimulation in the 
hope that some clues regarding retinal mechanisms migkt be unearthed. A 
summary of some of the older literature was made by Johnson (200). 

Duration.—The duration of the stimulus at constant luminance influ- 
ences the ERG in a definite manner (201 to 203). Except for very high lumi- 
nance levels, the height of the b-wave increases with duration up to a critical 
duration beyond which no further increase is noted. The critical duration has 
not been studied intensively but its value, which is shorter the higher the 
luminance level, is roughtly 50 to 100 msec., well within the range of the 
latent period for the b-wave. The latent period, in turn, is independent of 
duration. At very high luminance levels (2.6 X 10° trolands), the b-wave was 
shown to decrease in magnitude with increase in duration (202), and this was 
taken to be in agreement with the psychophysical observation that an intense 
flash appears dimmer for stimuli longer than the critical duration. The rate 
of rise of the b-wave was also observed to increase with increase in stimulus 
duration (203). Because of its small size, the a-wave is more difficult to study 
with precision, but Alpern & Faris (202) succeeded in demonstrating that 
this component also increases with increase in stimulus duration. Unlike the 
b-wave, however, there was no reduction in size with increase in duration at 
high luminance levels. The a-wave, but not the b-wave, was found to agree 
roughly with the Bunsen-Roscoe photochemical law. This suggested to 
Alpern & Faris that these two components may originate in different portions 
of the retina, with the a-wave arising in the visual cells and the b-wave from 
a more inner retinal region. Biersdorf (204) suggested that for the light- 
adapted eye the height of the a-wave below durations of about 25 msec. is 
related simply to the total energy of the flash; for the b-wave a more complex 
relationship was found. Moreover, the implicit time (stimulus to peak) was 
relatively constant for the a-wave but decreased systematically for the b- 
wave with increase in intensity. Through the use of red light Biersdorf was 
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also able to investigate the x-wave and found that it, too, followed the 
Bunsen-Roscoe relationship at durations below about 25 msec. and that it 
had a constant implicit time. All this suggests for the b-wave an origin and 
functional relationship different from those of the a-wave and x-wave. 

Intensity.—Attempts to discover relations between the ERG and stimulus 
luminance are always complicated by the fact that the individual components 
do not change proportionately with change in luminance. This leads to 
decided alterations in form and makes measuring an onerous if not impos- 
sible task. This point is especially well made in records obtained by Ronchi 
(205) in which x- and b-waves were shown in several relative relations. John- 
son (200) indicated that in experiments limited to the measurement of the 
scotopic b-wave, a logarithmic relationship describes the effect of luminance 
over a range of 2 log units. At lower and higher stimulus intensities this 
Weber relationship fails. In addition the latency and implicit time of the b- 
wave decrease with increase in luminance (200, 203, 206) and the rise slope 
increases. In other words, up to a limit the b-wave is higher, faster, and it 
occurs sooner with increase in stimulus strength. The x-wave was found to 
have more complex relations with changes in intensity, depending for one 
thing on the retinal area stimulated (200). The off-effect of the human ERG 
has received little scrutiny, but Heck (207) reported the occurrence of two 
d-waves in the light-adapted ERG, each of which was found to vary in am- 
plitude in proportion to the logarithm of the light intensity. 

Rate of change.—The form and amplitude of the ERG are also functions 
of the rate at which the stimulus luminance rises and falls. It was found, for 
example, for the case of three stimuli of equal peak luminance but with rise 
times of 25, 100, and 230 msec., that the a- wave was decreased and abolished 
as the gradient was decreased, without altering the height of the b-wave 
(208). The effect of prolonging the rise was not considered to be quantita- 
tively equivalent to lowering stimulus luminance because a stimulus with a 
slow rate of rise prolonged the b-wave but did not lower the amplitude. In 
these experiments of Bornschein & Gunkel one gradient was shorter than the 
b-wave latent period while the other two were longer; one much longer. As 
already indicated, such stimuli are not strictly comparable, for prolongation 
of illumination beyond the critical duration adds nothing to the potential. 
This objection does not apply to the experiment of Ronchi & Moreland (203) 
in which it was demonstrated that of two stimuli, both with a duration of 
20 msec. but differing in rate of rise (2 and 10 msec.), the x-wave appeared 
more frequently in the stimulus with the steeper gradient. In recent years 
the investigations of Ronchi and her collaborators (209 to 212) introduced 
the concept that the temporal distribution of stimulus light influences the 
ERG even though the total energy is the same. The observations appear to 
be as follows. Statistically different scotopic b-waves were evoked by two 
white light flashes with the same total energy but distributed differently 
within the latent period. A saw-tooth-shaped stimulus elicited a larger b- 
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wave with a faster rate of rise than did a rectangular-shaped stimulus. This 
stimulus-shape effect became smaller at higher luminance levels. It was also 
obtained with flashes of green and red but not with blue-violet light. The x- 
wave amplitude was the same with the two stimuli but its implicit time was 
greater with the saw-tooth stimulus. The effects obtained were small but the 
authors claimed statistical significance for them. How is this failure to inte- 
grate all the energy with white, green, and red but not with blue light to be 
accounted for? Ronchi’s argument was somewhat circuitous and there are 
statements made about which honest doubts exist but her position is briefly 
this. The b-wave is built up from the responses of ideal rods and rodlike cones. 
To green light the former respond with a b-wave which is dependent on 
stimulus shape; the rodlike cones integrate the total energy of the blue flash. 
The ideal rods are in the periphery and these are responsible for the short- 
latency, steep b-waves obtained in response to green light. The rodlike cones 
are in the parafovea which Ronchi accepted as a region with many blue- 
sensitive cones and it is this region which she assumed gave the long-latency, 
steep b-waves in response to blue light. Her assumption is that these para- 
foveal cones interact neurologically with ideal rods in this region. As evidence 
of such interaction she cited responses at high luminance levels in which the 
x-wave was larger than the scotopic b-wave, a result which was interpreted 
as an example of inhibition of rod activity by the cones. Ronchi eventually 
admitted that her identification of rodlike cones was with “the results of a 
peculiar interaction between the classical rods and the parafoveal cones, 
particularly likely to occur under blue stimulation.’’ These studies are so 
intriguing that the effect of ‘‘shape”’ of stimulus should be examined using 
some indicator other than the ERG. The impulses from the ganglion cells or 
optic nerve fibers might well be used to test the validity of the Ronchi find- 
ings. This ‘‘shape effect’ may also have psychophysical implications. It has 
been shown, for example, that the critical luminance (L.) required for fusion 
of flickering flashes at various flicker frequencies depends on a number of 
factors including the shape of the stimulus (213, 214). For the fovea the saw- 
tooth and rectangular waves were equally effective. In the parafovea the 
value of L, for the saw-tooth wave was significantly less than for a rectangu- 
lar wave. This effect was present with white and green light but was absent 
when red or blue flickering flashes were employed. 

The fine structure of the ERG.—Under certain conditions multiple com- 
ponents appear in the human ERG. The presence of these has been shown to 
be related to such stimulus parameters as duration, intensity, and wave- 
length. In addition the dark- or light-adapted state of the eye, the pathology 
of the eye, and other factors contribute variously to the fine structure. This 
subject has not been thoroughly explored and it is not always clear what 
meaning may be extracted from the results. Multiple a-, b-, and d-waves 
have been reported in some of the recent literature. Using a low rate of 
repetitive stimulation to maintain a photopic state, Heck & Rendahl (215) 
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reported the presence of two negative (a; and az) and four positive deflec- 
tions. Heck (216) obtained a photopic ERG which showed one a wave, a 
triple-humped b-wave, and a double off-effect. Heck (207) examined the 
double off-effect of the light-adapted human eye and noted that d; appeared 
at a threshold lower than did de. Rendahl (217) examined the appearance of 
some of these components in relation to the state of adaptation. Three nega- 
tive and five positive waves were mentioned, the implication being that ag 
and b; are scotopic in nature, the others representing various stages of light 
adaptation. Bornschein & Goodman (218) also recorded an electrogram with 
ai- and ag-waves. They were concerned as to whether this meant the existence 
of two separate negative waves—one photopic, the other scotopic—or, al- 
ternatively, a positive wave dividing a single negative component. The latter 
interpretation was chosen, and the authors correctly pointed out that oscil- 
latory activity does appear in the vertebrate ERG so that the concept of 
multiple components should be viewed in the light of such activity. Born- 
schein & Goodman also referred to a previous study of theirs (219) which 
indicated that the a-wave from a totally color-blind woman was scotopic in 
nature and yet its latency was the same as for the a; wave of the normal eye. 
All this points to the conclusion that we cannot at present state with assur- 
ance that any one negative component is scotopic and another is photopic. 

The situation is perhaps only slightly less confused with respect to the 
positive waves of the ERG whose behavior with reference to various stimu- 
lus parameters was comprehensively summarized by Johnson (200). The 
well-known work of Motokawa & Mita (220) and of Adrian (221) suggested 
the existence of both photopic and scotopic b-waves. Henkes recently con- 
firmed this (222) and showed how it was possible to obtain a photopic ERG 
with an a;- and an x-wave, a scotopic ERG with an a2- and a b-wave, or a 
mixed ERG with both negative and both positive components. Henkes 
demonstrated how flicker stimulation could be employed to bring out pho- 
topic and scotopic systems. The analysis of critical fusion frequency by 
means of the ERG has been made more discriminative by use of a frequency 
analyzer tuned to the frequency of stimulation (223). It was claimed (215, 
217) that some of the positive components of the photopic ERG can be 
selectively influenced by chromatic adaptation. Of the four wavelets elicited 
in response to white light, the third was selectively abolished by adaptation 
to red light and the fourth by adaptation to green light. In one type of pro- 
tanope, only waves 1, 2, and 4 were noted and adaptation to red light had 
no effect, whereas wave 4 was abolished after adaptation to green light. It 
will be recalled that Armington (224) found the x-wave especially sensitive 
to red light and greatly reduced in the ERG of protanopes. Heck & Rendahl 
(215) listed a second type of protanope in whom the ERG showed the four 
positive components. Adaptation to green light caused the usual depression 
of wave 4 whereas adaptation to red light had no effect. Deuteranopic elec- 
troretinograms were also of two types: one for which the fourth wave was 
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depressed by adaptation to green light, the second in which there was no such 
depression. This work of Heck & Rendahl is difficult to evaluate. There is no 
statistical basis on which to judge the reliability of the results. The need for 
such a statistical approach is amply brought out by the work of the Floren- 
tine investigators (205, 225) who have reaffirmed the great variability of the 
human ERG as presently recorded and the need of some statistical treatment 
in order to demonstrate the reproducible features of any response. Even the 
occurrence of paradoxical electroretinograms was reported (226). The sta- 
tistical nature of the responses to color was also demonstrated (227). In one 
dark-adapted subject, for example, the responses to blue and to green light 
gave evidence of only the scotopic b-wave in 177 recordings and both x- and 
b-waves in 22 recordings. In the same subject, also dark-adapted, red and 
yellow flashes elicited 18 scotopic b-waves, 41 electrograms with both x- and 
b-waves, and 95 multipeaked responses. Such variability emphasizes the 
difficulties involved in evaluating data outside their statistical context. 

The ERG in totally color-blind persons and in congenital night-blindness 
has been examined with the view of assaying the relative contributions of 
scotopic and photopic mechanisms. Goodman & Bornscuein (219) suggested 
that whereas the normal ERG has both x- (photopic b-) and b-waves, the 
response from the night-blind eye shows only the x-wave while the ERG of 
the color-blind eye has only the b-wave. The a-wave recorded from the night- 
blind subject also included a scotopic component. The presence of a scotopic 
a-wave without a scotopic b-wave was explained in terms of the independent 
origin of the a- and b-components and on the assumption that the locus of 
dysfunction in the congenital night-blind person is proximal to the site of 
origin of the a-wave but at a point which would interfere with the generation 
of the scotopic b-wave. The electrical records which were obtained in sub- 
jects with congenital night-blindness and subjects with total color-blindness 
were attributed by Rendahl (228) to deficiencies in scotopic and in photopic 
mechanisms. Using the ERG, the critical fusion frequency of six totally 
color-blind persons was determined (229). In four of these, photopic fusion 
frequencies were absent but in the remaining two, evidence of photopic 
activity was obtained. Unlike the ERG of the normal eye whose b-wave 
showed a lag in recovery during dark adaptation, the b-wave from the totally 
color-blind eye began to recover immediately with the onset of dark adapta- 
tion in a manner roughly parallel to the regeneration of visual purple (230). 
This difference between the normal and color-blind eye was interpreted in 
terms of inhibition of rods by cones in the normal eye and the absence of such 
inhibition in achromatopsia because of the lack of functional cones. 

Comparative electroretinography.—An examination of the ERG of sub- 
human forms is of importance for several reasons. In addition to interest in 
the animals themselves, there is the factor that the retina in some lower forms 
offers morphological advantages for exploring specific problems in vision. 
Moreover, lower animals offer special opportunities for the application of 
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pharmacological and surgical procedures. The complications already dis- 
cussed in analyzing the mechanisms of a duplex retina should, in theory, be 
simplified through the use of animals with pure rod or pure cone retinae. The 
ground squirrels are known to be diurnal, to have yellow lenses and pure cone 
retinae. Bornschein & Szegv4ri (231) confirmed the photopic nature of the 
ERG of Citellus citellus by demonstrating that only the photopic segment of 
the critical fusion frequency contour was obtained from the eye whereas from 
the duplex retina of the guinea pig both scotopic and photopic portions were 
recorded. Tansley (232) has been studying the ERG of the souslik Citellus 
citellus and of the squirrel Sciturus carolinensis leucotis. The ERG of both 
these animals is characterized by a prominent a-wave, a fast b-wave, and a 
well-developed d-wave. There is little evidence of a c-wave. No Purkinje 
shift was detected in either of these squirrels; and the spectral sensitivity 
curves based on the ERG possessed maxima, not in the region of iodopsin, but 
at 520 to 530 mu. In addition, a suggestion was found of a high blue sensi- 
tivity for the souslik retina (233). Dark adaptation was observed to be rapid, 
the final threshold being reached in less than 3 min. In spite of the apparent 
absence of rods, the ERG of Sciurus did not change in a simple way with in- 
crease in stimulus intensity. The b-wave latency decreased linearly from 70 
msec. to 30 msec. over 3.5 log units increase in intensity. Further increase by 
about 1.5 log units caused no further change in latency. The ERG also 
changed in form from a double b-wave (one hump more pointed than the 
other) at higher intensities to a single, rounded positive wave at lower lumi- 
nances. The picture is suspiciously reminiscent of the photopic x-wave and 
scotopic b-wave of the human ERG; yet this result was recorded from a pure 
cone retina. Tansley noted that the retina of Sciurus displays both an outer 
and an inner layer of cones; and it is possible, though no proof of this is 
available, that the double b-wave and the change in form with decrease of 
luminance are associated with different functional properties of these differ- 
ent cones. A somewhat similar situation was noted in the ERG of fresh-water 
turtles (134). The retina of these animals is characterized by visual cells of 
which the cones greatly outnumber the rods. The form of the ERG was seen 
to be related to the color of the stimulating light. Short flashes of red light 
elicited responses with two positive components: an initial pointed, and a 
second rounded wave. Responses to green and to blue light lacked the initial 
potential. The authors did not interpret these as indications of photopic and 
scotopic mechanisms since both waves showed a spectral maximum at 645 
my. These studies on turtles and squirrels suggest that even in retinae with 
one class of visual cells, neurological interactions may result in the production 
of multiple b-waves. 

The ERG continues to be used in determinations of the spectral sensi- 
tivity. One of the current leaders in this field, Dodt, summarized some of his 
most recent work by pointing out how absorption by the lens, lens fluores- 
cence, and reflection at the fundus may modify the spectral sensitivity curves 
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obtained through the employment of the ERG (234). Kennedy & Milkman 
(235) obtained the absorption spectra of fish and frog lenses. For some fish 
and for the frog the absorption curves suggested the properties of short-wave 
cutoff filters, though the spectral position for cutoff varied for the lenses from 
different species. The yellow pigment of the human lens was studied chemi- 
cally by McEwen (236) who decided from its properties that it is probably 
not a melanin, as sometimes thought, but a substance related to urochrome. 
The deep yellow lens in some diurnal species was thought to function in re- 
ducing transmission of shorter wavelengths, thus eliminating much scattered 
radiation and improving visual acuity (237). The fluorescence spectra given 
by the lenses of several species were also reported (238). The spectral sensitiv- 
ity of the turtle eye was found to have a peak at 645 my with suggestions of 
poorly defined peaks at 620 my and 575 my. Some evidence of possible rod 
activity was also noted in the region 465 to 545 my (134). In another investi- 
gation of the turtle eye (135) the technique of suddenly shifting illumination 
from one color to another was used, the two colors having equal stimulating 
effectiveness. The object here was to discover specific color receptors, since 
it was expected that shift responses under these circumstances would occur 
only if a new receptor was activated by the color change. From the data, 
which varied somewhat from experiment to experiment and which in some 
cases consisted of small effects whose significance may be questioned, the 
authors concluded that the turtle is blessed with four types of receptors with 
spectral responses in the red, orange, and yellow-green regions (all cones) 
and in the blue-green region (rods). The authors resurrected the old idea that 
the cone oil droplets may be implicated in determining the spectral properties 
of receptors and mentioned the fact that the turtle retina has red, orange, 
yellow, and colorless cone droplets. 

Invertebrate ERG.—In addition to the investigations already mentioned 
in which the ERG was employed to study the spectral sensitivities of insect 
ocelli and compound eyes, there are several other studies of the electrical 
responses of invertebrate photoreceptors. One of these (239) involved the 
recording with microelectrodes of the potentials from the crayfish compound 
eye. Two electrical components were found: an initial faster component which 
was independent of stimulus duration and a second slower component whose 
magnitude and duration were greater with longer stimuli. Penetration of the 
eye to various depths revealed these two waves in various proportions. These 
two components were considered by the authors to arise from separate struc- 
tures within the receptor layer. Using ocelli, which in certain respects are 
anatomically simpler than compound eyes, Ruck (240) also found two dif- 
ferent electrical components which were assumed to arise from the ocellar 
receptors. Ruck investigated (241) the course of dark adaptation in the 
roach ocellus and found it very rapid, almost reaching completion in a little 
over a minute. The flicker fusion frequency of this ocellus was 45 to 60/sec. 
(242). For the honeybee ocellus, dark adaptation was much slower, re- 
quiring about 15 min. for completion, and the flicker fusion frequency was 
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250 to 265/sec. Similar high rates of flicker fusion were noted for compound 
eyes. No constant relation was found between rate of dark adaptation, 
flicker fusion fréquency, and wave form of the ERG. It is obvious that even 
these invertebrate eyes offer complexities which make interpretation of the 
ERG an extremely uncertain venture. The study of photoreceptors such as 
that in the sixth abdominal ganglion of the crayfish, recently studied by 
Kennedy (243), may offer some hope of simplification, but at present we 
know nothing of the morphological or biochemical characteristics of such 
systems. In this discussion of the ERG certain topics have been omitted be- 
cause of space limitations. The action of drugs and metabolic inhibitors, for 
example, continues to attract attention (244 to 249). The last of these refer- 
ences (249) contains an excellent summary of many aspects of ERG research. 


RETINAL INTERACTIONS 


The retina, of course, is more than a transducer of light energy and a 
passive series of pathways down which information flows to the central re- 
ceiving stations. It is, in addition, an interacting system which sorts and 
processes data in such a way that significant features are emphasized and 
useful interpretations are made. Summation, inhibition, and temporal, spatial, 
and chromatic interactions are all processes known to occur in the retina. 
Moreover, these interactions are not static but subject to change as a result 
of dark and light adaptation. This picture of the retina was suggested by the 
facts of morphology and psychophysics but in recent years it has been di- 
rectly demonstrated by some experiments in the area of physiology. 

Summation.—It is well known (17) that the threshold for human vision 
depends, for one thing, on the retinal area which is illuminated. Within cer- 
tain limits the threshold decreases as the number of receptors illuminated is 
increased. The pioneer experiments of Adrian & Matthews (250) with the eel 
retina, showing that retinal units can interact, introduced the modern phase 
of the subject. Information about a new and more complex behavior pattern 
was uncovered by Hartline (251) who revealed that vertebrate optic nerve 
fibers are of several functional types with respect to their responses to illumi- 
nation of the retina. He found fibers which produced a sustained discharge 
during illumination, others which responded only at “‘on” and at “‘off’’, anda 
third group which led only to an “‘off”’ discharge. Each fiber was found to have 
a retinal receptive field whose size was variable and dependent on intensity, 
area of illumination, and the state of adaptation. Recently, Wagner & 
Wolbarsht (252) investigated the receptive fields of the bullfrog retina, using 
the ‘‘on-off’’ type of fibers and an exploring light spot 0.05 mm. in diameter. 
They found approximately circular receptive fields whose size varied with 
stimulus intensity. Within a receptive field, threshold, determined from fre- 
quency-of-seeing graphs, was constant from the center out to about 250 uy. 
Beyond this diameter, sensitivity fell off. The threshold curves for both 
“on” and “‘off” responses were much the same. (In Rana esculenta Barlow 
(253) reported that the thresholds for ‘‘on’”’ and for ‘“‘off’’ responses in ‘‘on- 
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off’’ fibers were not always the same in intermediate portions of the receptive 
field.) The threshold was also a function of stimulus diameter, the relation- 
ship following Ricco’s law (product of intensity and area constant) up to 
about 0.5 mm. Departure from Ricco’s law occurred with stimulus diameters 
greater than 0.5 mm., and at 1.0 mm. the threshold was actually higher than 
at 0.5 mm. Such a depression of excitability with larger fields could result 
from inhibition by the peripheral field. Such inhibition was noted in the 
amphibian retina (253, 254). Another significant property of the receptive 
field is that movement of a small spot of light of constant area was detected 
by the frog eye even though the movement was restricted to the central por- 
tion of the field where the sensitivity was constant throughout. Simple sum- 
mation cannot explain this result, and the effect suggests the intervention of 
temporal properties of the units in respect to illumination. 

Inhibition.—In 1933 Granit (255) proposed the occurrence in the retina 
of an inhibitory process and subsequent events fully justified his view. Per- 
haps the Limulus eye illustrates this type of interaction most clearly and 
thoroughly (256 to 258). The discharge of an ommatidium following illumina- 
tion is inhibited (frequency is lowered) and its threshold to light is raised if 
nearby ommatidia (or even one ommatidium) are illuminated. The inhibi- 
tion is reciprocal and depends on the separation between test and inhibitory 
spots and on the number of units illuminated in the inhibitory spot. The 
inhibition exerted by one ommatidium on another is directly proportional to 
the frequency of discharge of impulses in the inhibitory unit and is therefore 
proportional to the logarithm of the inhibitory light intensity. Thus in re- 
ciprocal inhibition by two spots, the more intensely illuminated spot exerts 
the greater inhibitory effect. This is the basis for the enhancement of con- 
trast at borders which appears to be one of the important functional corre- 
lates of inhibition. Disinhibition was also demonstrated in the Limulus eye 
by illuminating a third spot, too far from the test ommatidium to have much 
effect on the discharge from this ommatidium but close enough to the second 
inhibitory spot to reduce inhibitory discharge, thus freeing the test ommatid- 
ium from some of the inhibition by the second spot. Inhibition in the Lim- 
ulus eye appears to occur at the junctions of fine axonal branches which 
converge upon the axon of the eccentric cell to form a neuropile. The presence 
of synaptic vesicles at these endings suggests a synaptic relationship (258). 
It is interesting to note that acetylcholine, curare, and nicotine produced no 
selective effect on the inhibitory process but that ethyl alcohol caused dis- 
inhibition (259). This action of alcohol is especially interesting in view of the 
fact that this substance was reported to abolish process PIII of the verte- 
brate ERG (260). The mechanism of inhibition in Limulus eye is not known, 
but it may involve hyperpolarizing reactions like those known for inhibition 
in other systems. Tomita (261) employed antidromic volleys sent into an 
ommatidium by way of neighboring units and noted the occurrence of both 
inhibition of discharge and of repolarization. The results of intracellular re- 
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cordings during the process of inhibition have not yet been reported but it is 
clear that this is the information that is required. 

Peripheral field inhibition is also known to occur in the vertebrate retina. 
Barlow (253) discovered it for the frog eye at about the same time it was 
observed in the cat retina (162). Interactions in the cat retina have been 
observed to be both complex and labile. The discharge pattern from a gan- 
glion cell varied with a number of factors such as background illumination 
and the position, pattern, intensity, and area of stimulation. From the same 
cell ‘‘on”’, “‘off’’, or ‘‘on-off’’ responses could be recorded according to the 
position of the light within the receptive field. The receptive fields were 
organized in several ways. The center area of lower threshold was either 
“off” or ‘“‘on’’, in which cases the surround was conversely ‘‘on’’ or “‘off’’, 
respectively. An intermediate zone of ‘‘on-off’’ discharges was also noted. 
Kuffler observed mutual interactions between central and peripheral zones 
such that the center could inhibit periphery, periphery could inhibit the 
center, or each could reduce the other’s discharges, the particular pattern 
depending on the relative intensities of the two stimulating spots. This 
mutual inhibition resembles the interactions of the neighboring ommatidia 
of the Limulus eye. Recent studies (262) indicate that different receptive 
fields of the cat retina differ in certain quantitative characteristics, especially 
in the degree of suppression of the center by the periphery. Regional differ- 
ences in receptive fields were also noted. The ganglion cells of the area cen- 
tralis, in contrast to those of the periphery, tended to have smaller areas of 
summation for the center-type responses. The authors suggested that this 
property could be related to a possibly higher visual acuity of the area cen- 
tralis. The organization of the receptive fields was shown to undergo drastic 
alteration in passing from the light-adapted to the dark-adapted state (263). 
Contrary to previous ideas which postulated an increase in summation area 
because of increased interconnections during dark adaptation, the main effect 
of dark adaptation was found to be a disappearance of the peripheral antago- 
nistic action. Thus an ‘‘on”’ center field with a peripheral, inhibitory ‘‘off” 
field became simplified to an ‘‘on” field. The receptive;field,‘in'fact, decreased 
in size as a result of dark adaptation. This change was not interpreted as a 
shift from cone to rod function since it was not associated with any particular 
wavelength. The cat retina revealed a bewildering array of interactions. 
Brown & Wiesel (29), for example, described a response which was called pure 
inhibition since there were no “‘off”’ discharges associated with it. A stimulus 
in the center of the receptive field completely inhibited the maintained dis- 
charge, but adaptation occurred and some activity returned with continued 
illumination. When the light was then turned off, inhibition of the activity 
again took place without any ‘“‘off’’ discharge. Though peripheral field in- 
hibition occurs in the frog (253), the receptive fields have not been found to 
be as labile as those of the cat and, in addition, do not appear to change in 
size with adaptation (252). One important difference between retinal inhibi- 
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tion in Limulus and in the frog was indicated by Rushton (252). Whereas the 
amount of inhibition in the Limulus eye is a function of the logarithm of the 
light intensity, in the frog eye it is a function of the intensity itself. This is to 
say the inhibitory processes in the two animals occur at different functional 
steps in the sequence of transformations which lead eventually to signals in 
the optic nerve fibers. The presence of both excitatory and inhibitory systems 
suggested the idea that vertebrate ‘‘on-off”’ and “‘off’’ responses might result 
from the interplay of these converging systems. This led Ratliff & Mueller 
(264) to execute an ingenious experiment utilizing the Limulus preparation 
as a model. It was clearly demonstrated that a fiber which normally yielded 
only sustained discharges could be converted to discharge both ‘‘on-off” and 
“off”’ spikes by properly balancing the activity in the excitatory and inhibi- 
tory pathways. Such a model may have much to offer in clarifying the com- 
plex and labile behavior of the cat retina. 

Temporal factors.—Certain involuntary eye movements have been shown 
to be important in visual perception of boundaries and of color. These move- 
ments consist of a low amplitude tremor, high-amplitude intermittent flicks, 
and slow drifts. In recent years new methods have been developed to ex- 
amine these movements. Ratliff (265) made use of ‘‘Haidinger’s brushes”, 
dark images which appear when viewing a strongly polarized extended light 
source. During fixation, when no rolling of the eyeball occurs, the images re- 
main fixed on the retina and consequently they gradually disappear, thus 
confirming the results obtained by other methods. Cornsweet (266) made 
use of light reflected back from the optic disc on to a photomultiplier to re- 
cord movements of the eye. Both these methods have the advantage that no 
attachments need be made to the eye and that certain movements of the 
head and eyes do not interfere. As is well known, stabilizing the retinal image 
by one means or another causes a contour to fade out periodically, apparently 
because of the cessation of ‘‘on-off’’ discharges produced at boundaries of the 
visual field. Ditchburn, Fender & Mayne (267) studied the possible role of 
the three types of eye movements in improving vision of a vertical black line. 
They found that an imposed drift larger than the normal median eye drift 
will improve visibility over that achieved during stabilization. Rapid im- 
posed flicks, even those much smaller than the normal median flicks of the 
eye, significantly improved vision. The effects of imposed tremors varied 
according to both amplitude and frequency of tremor. Small amplitude 
tremors (0.3 min. arc), at all frequencies which were used, caused a slight 
lowering of visibility below the level at the stabilized state. Above an ampli- 
tude of 0.3 min. arc, visibility increased abruptly except at 15 cycles/sec. 
Both tremor and saccadic movements, as normally shown by the eye, ap- 
parently play a role in the maintenance of vision. Apparently these eye move- 
ments, though important in form and acuity perceptions, play no major role 
in the perception of certain well-known geometrical illusions (268). Especially 
interesting is the statement (269), made only briefly, that these eye move- 
ments are involved in color discrimination and that under certain conditions 
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of imperfect stabilization ‘‘all colors are seen as white even when perception 
of form is still fairly good.” 


CENTRAL EVENTS 


Optic nerve and tract.— Different views still exist with respect to the groups 
of fibers of the optic nerve. A quadruple (270), a triple (271), and a double 
conducting system (272) have been suggested and recent work has not clari- 
fied the issue. Microelectrode recordings from the cat optic tract responding 
to contralateral stimulation of the optic nerve revealed fibers with conduction 
velocities from 12 to 73 m./sec. (273). The data were considered to fall into 
three main groups with means at 52, 37, and 16 m./sec. It was implied, how- 
ever, that a few more rapidly conducting fibers were present as well as fibers 
smaller than 1 » which conducted at velocities lower than 16 m./sec. Employ- 
ing antidromic electrical stimulation while recording from the intracranial 
portion of the rabbit optic nerve, Granit & Marg (274) obtained an electro- 
gram with three waves followed by a small prolonged elevation. Mean con- 
duction velocities of 56, 23, 16, and 10 m./sec. were reported. Microelectrode 
recordings from the inner surface of the retina revealed spikes with short la- 
tencies as well as delayed spikes. The latter were interpreted to result from 
activity associated with small ganglion cells, possibly of cone systems. Previ- 
ously, Dodt (275) noted conduction velocities of 2.8 and 1.7 m./sec. for the un- 
myelinated intraretinal fibers of the cat. These values were compared to veloci- 
ties of 70 and 23 m./sec. for the myelinated extrabulbar pathway. An electron 
microscopic study (276) of anuran optic nerves suggested that estimates of 
unmyelinated nerve fibers based on light microscopy may be in error by a 
very large factor. In Bufo americanus, for example, the author (Maturana) 
found a ratio of 30 to 1 for the numbers of unmyelinated to myelinated fibers. 
This is to be compared with counts of 10,200 myelinated and 5500 unmye- 
linated fibers for the same species made by Bruesh & Arey (277) with the 
light microscope. Most of the non-medullated fibers were considered to be of 
retinal origin, probably arising from small ganglion cells (7 to 10 wu) and 
numbering 440,000 for the retina of Rana pipiens. The counts of large and 
small ganglion cells agreed with the counts of myelinated and unmyelinated 
fibers in the optic nerve. This work of Maturana suggests that a new look be 
taken into the morphological as well as the functional aspects of the verte- 
brate optic nerve. 

Reports still persist regarding the presence of centrifugal fibers in the 
optic nerve. Such efferent fibers may occur in lower vertebrates where they 
may be involved in controlling the photomechanical responses in the retina 
(278). In his recent book Polyak (15) still mentioned the presence in the 
retina of the chimpanzee of teledendron-like terminations at the bodies of 
the amacrine cells and the possibility that these are endings of efferent fibers 
from brain centers. Similar fibers have been noted in the retinae of birds. 
Polyak’s hesitancy in accepting the existence of such efferent fibers in man 
(because removal of an eye leads to complete degeneration with no signs of 
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myelinated fibers in the optic nerve) need no longer apply since the occur- 
rence of such fibers in the human optic nerve has been shown years after re- 
moval of the eye (279). Maturana (280) also found medullated fibers in the 
central stump of the toad optic nerve 200 days after section. Unlike the 
retinal fibers, these showed only small ability to regenerate and were unable 
to cross the wound scar. In contrast to these and other positive results are 
the negative findings of Hess (281) who was unable to see any evidence of 
intact fibers in the central stump of the fetal guinea pig optic nerve following 
extirpation of the eye. Physiological evidence for centrifugal fibers is not 
wholly convincing (282, 283). Dodt (283) believed that the delayed spikes 
which he recorded from the inner surface of the rabbit retina came from 
efferent fibers, but Granit & Marg (274) concluded that these spikes were 
probably associated with retinal fibers originating in small ganglion cells. 
Jacobson & Gestring (284) used the ERG as an indicator and concluded from 
the effects of optic nerve section and the action of certain drugs before and 
after such section that centrifugal control of the retina occurs from some 
brain center. Though suggestions of a centrifugal system exist, especially 
from the anatomical data, this reviewer must concluGe that the case for such 
a system has not been conclusively made. 

Techniques of recording have now been so improved that spike discharges 
from the optic nerve or tract following illumination of the eye can be ob- 
tained. Bornschein (285) demonstrated the occurrence of spontaneous spike 
discharges in intracranial fibers of the cat optic nerve with the eye in com- 
plete darkness and dark adapted. He also showed the effects of ischemia and 
of iodoacetate on these discharges (286, 287). The fact that such a dark dis- 
charge still occurs in a retina undisturbed by surgery or electrode placement 
confirms the concept of a retinal noise level (288, 289). The origin of such dark 
noise is still being discussed. One idea (289) is that spontaneous thermal 
breakdown of the visual pigment is responsible, at least in part, for this 
noise. Hubbard (290) pointed out, however, that light and heat alter the 
rhodopsin molecule by different mechanisms so that it is not possible to argue 
that the specific excitatory effects of photic activation are also achieved by 
thermal agitation. A study by Lennox (291) has features about it that are 
bound to excite interest. In anesthetized cats with a microelectrode in the 
optic tract, Lennox recorded spike discharges following stimulation of the 
contralateral eye with diffuse blue and red flashes of equal brightness. The 
brightness was adjusted by using the ERG as an indicator. Three types of 
fibers were found: pure ‘‘on’’ (24%), “‘on-off” (17%), and pure “‘off’’ (59%). 
Unlike the results published by Kuffler and his colleagues, already men- 
tioned, these three types tended to maintain their identity. One surprising 
feature of the ‘‘on’’ responses was their extreme constancy in spite of great 
variations in other respects. In this study by Lennox, her figure 2, for exam- 
ple, pictures three successive ‘‘on’’ discharges to three intense flashes of white 
light. The number and pattern of impulses were identical in spite of marked 
differences in magnitude of the three retinograms. Lennox recorded some re- 
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sponses to color which suggest specific wavelength effects. The slow fibers 
(16 and 37 m./sec.) gave, in response to blue and red flashes of equal bright- 
ness, patterns of impulses which were indeed different. The latency was 
about the same but there were more spikes and they were at higher frequency 
in the initial burst of response to the blue than to the red flash. In contrast, 
the fast fibers (52 and 72 m./sec.) responded to red with a shorter latency, 
more spikes in the initial discharge, and a lower frequency compared with the 
responses to blue. Even if one objects to the use of the ERG to equate bright- 
ness, Lennox states, without showing the records, that the responses to the 
two colors could not be made alike by varying the stimulus intensity. The 
difficulty in accepting these results as they stand is that one cannot be certain 
that the microelectrode was, in fact, recording from the same fiber. It is not 
unreasonable to assume that the electrode tip was close to two fibers and that 
the records were the results of activity in both these units. Lennox avoids 
interpreting these results in terms of color vision mechanisms in an animal 
which is believed not to have such mechanisms, but there is always the argu- 
ment, as Lennox implies, that the cat has the peripheral but not the central 
mechanisms for color discrimination. 

The lateral geniculate nucleus—Hayhow (292) made a careful anatomical 
study of the cat lateral geniculate body with special emphasis on the site of 
termination of crossed and uncrossed optic nerve fibers. Hayhow confirmed 
earlier suggestions that the large and small optic tract fibers undergo a segre- 
gation within the geniculate body and terminate in different laminae: the 
small fibers mainly in contralateral lamina B, the large fibers in homolateral 
lamina A1 and contralateral lamina A. Electrophysiological techniques made 
possible the direct study of the dorsal nucleus (LGN) of the lateral geniculate 
body in its responses to electrical stimulation or to illumination of the retina. 
These studies have had as their aims either collection of data to further under- 
standing of the general problem of synaptic transmission or the finding of 
specific information about the flow of information down the visual pathway. 
Microelectrodes inserted into the LGN can record the spikes associated with 
incoming tract impulses and the postsynaptic potentials of the geniculate 
neurons. Freygang (293) employed an extracellular electrode and detected 
in the cat LGN, following contralateral optic nerve stimulation, a three- 
component positive wave followed by a negative wave. Freygang considered 
these to be postsynaptic responses probably from the soma-dendrite mem- 
brane. The amplitude of the first component increased with increase in 
strength of the orthodromic shock but was not continuously graded. This 
was interpreted to mean that several (but only a few) presynaptic axons 
converged on to one postsynaptic cell, which is in agreement with the con- 
clusion of Bishop & McLeod (294). The possibility has been mentioned (295) 
that some neurons of the LGN can be activated through only one optic tract 
fiber. This conclusion was reached on the basis of geniculate unit responses 
to constant strength optic nerve stimulation in which three types of effects 
were noted: no response; only a synaptic potential; and the fully developed 
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propagated disturbance. There were no gradations between these three. It is 
thought that such one-to-one activation occurs because of the extensive 
arborization of a tract fiber over the dendrite-soma membrane. Anatomical 
evidence has indicated (296) that in the cat LGN, a low-level convergence 
is present whereas in the monkey LGN, one-to-one relationships are found 
(297). To explain the presence of three positive components preliminary to 
the negative wave, Freygang (293) applied the concept of a postsynaptic 
membrane with specialized areas. While admitting that other explanations 
are not excluded, he assumed that the axon initial segment is electrically 
excitable and has a lower threshold. The major portion of the soma-dendrite 
membrane, assumed to be electrically inexcitable, was thought to be synapti- 
cally activated, probably through a transmitter substance. In between the 
initial segment and the main body of the cell there was thought to be an 
intermediate portion of electrically excitable membrane with a high thresh- 
old. The electrode tip, assumed to be next to the soma-dendrite membrane, 
was then assumed to record three events in sequence as the postsynaptic cell 
was activated. These are: synaptic activation of the dendrites, excitation of 
the initial segment by electrotonic spread, and electrical excitation of the 
intermediate membrane. This suggestion appears to this reviewer to be more 
elaborate than is warranted by the facts. There are other possible explana- 
tions for the multiphased electrogram, injury to the membrane by the 
electrode tip being one of them. It will also be recalled that Tasaki (298) 
obtained extracellular potentials of four types from the cat LGN. These were 
interpreted to be from: presynaptic axons, postsynaptic axons, cell bodies, 
and dendrites. The neurons of the LGN have been shown to yield spontane- 
ous discharges (298), after-discharges (299), post-tetanic subnormality (300), 
post-tetanic potentiation (301), inhibition of spontaneous discharge (298), 
and after-positivity (302). Marshall (303) discussed some of the interactions 
which occur at the LGN and some of the factors which modify transmission 
through this nucleus. The possibility that specific neurohumors are involved 
in transmission at the LGN synapses is suggested by the effects of admin- 
istering lysergic acid diethylamide. Such administration has been found to 
depress the postsynaptic potential reversibly (304, 305). The action is rela- 
tively specific, and an effective dose has little or no depressant effect on the 
retina, the presynaptic spike, or the cortical response. The course of synaptic 
block was demonstrated by Bishop e¢ al. (305) who showed how the propa- 
gated spike decreases in height, occurs later on the synaptic potential, and 
then disappears, to be followed by the loss of the synaptic potential. Re- 
covery was visible as a reversal of this sequence. These results were compared 
to the actions of curare at myoneural junctions and to the release of block 
by tetanic stimulation (301, 305). A specific transmitter antagonized by 
lysergic acid diethylamide (or whatever product succeeds in reaching the 
synapses) is suggested by the experiments. There is no space in this review to 
discuss the pharmacology of lysergic acid diethylamide and related sub- 
stances. Some of this is covered by Evarts (306, 307). 
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The responses of the LGN following illumination of the retina are spe- 
cially relevant here. One problem—whether or not there is any anatomical 
localization in the LGN of ipsilateral and contralateral activity—has been 
touched upon but not thoroughly explored. Cohn (308) used the evidence of 
transneuronal degeneration and spike activity to demonstrate that the mid- 
dle lamina of the cat LGN is functionally connected with the homolateral 
eye while the superior and inferior laminae have contralateral connections. 
The study of Hayhow (292) confirmed this alternate representation of con- 
tralateral and homolateral fibers but, in addition, evidence was found of 
convergence of both crossed and uncrossed fibers on to cells in the medial 
and central interlaminary nuclei. Functional convergence from both eyes on 
to single units of the cat LGN was noted by Erulkar & Fillenz (309). This 
convergence was shown to assume two forms: (a) units which discharged in 
response to illumination of either eye and (b) units which discharged to il- 
lumination of one eye alone but not to the second eye alone, but whose dis- 
charge was altered (latency, frequency, pattern) by stimulating the second 
eye. These findings offer an anatomical basis for certain binocular interactions 
which have been claimed for the human eye (17). By means of changes fol- 
lowing optic nerve section it was determined (310) that in the monkey LGN, 
homolateral fibers terminate in layers 2, 3, 5 and contralateral fibers in layers 
1, 4, 6. Glees (311) was unable to detect in the monkey any convergence of 
homolateral and contralateral fibers on to the same layer. Responses of the 
LGN to colored light are of interest because of the possibility of discovering 
specific chromatic mechanisms. Lennox (312) recorded surface potentials 
from the LGN and visual cortex of the cat. She reported that when the re- 
sponse latencies for flashes of red, yellow, green, and blue were equal for the 
LGN, they were unequal for the cortical evoked potentials, being shortest 
for red, longer to yellow, and longest to blue and green. These results are 
difficult to interpret because the uncertainties regarding the origins and 
meaning of these potentials make it doubtful whether these records from 
the LGN and the visual cortex are comparable in this way. An interesting 
microelectrode exploration of the monkey LGN has been published (313). 
The potentials, probably of multiunit origin, were of two types: (a) slow 
waves which were interpreted to be fiber responses, either radiation or optic 
tract fibers; and (6) spikes whose site of origin was not studied or indicated. 
The findings, not strongly documented, suggested a functional organization 
of the lamina such that sustained ‘“‘on’’ discharges were associated with layers 
5 and 6; sustained ‘‘on’’ and “‘off’”’ responses, with layers 3 and 4; while layers 
1 and 2 yielded “‘off”’ spikes, as well as inhibition of spontaneous activity. All 
lamina were found to give spikes to all colors between 430 and 650 my. This 
lack of anatomical specificity for color was considered to be evidence against 
the well-known theory of Le Gros Clark (314) in which trichromacy of locali- 
zation was postulated for the primate LGN. In addition, the authors found 
no division into photopic and scotopic lamina as suggested by Walls (315). 
Another study by the same group (316) employed the spikes recorded from 
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the monkey LGN to obtain equal energy spectra. The dorsal pair of lamina 
yielded 5 curves distributed over the spectrum. From the middle layers 
either ‘‘on”’ or “‘off’’ spikes were noted according to the color used for stimu- 
lation. Red ‘‘on,” green ‘‘off,” blue ‘‘on,’’ and yellow-green ‘‘off’’ units all 
were mentioned. These color-specific ‘‘on’’ and ‘“‘off’’ discharges were ap- 
parently obtained with light of equal physical energy. It is of some interest 
to know whether or not the specificity to color would be retained over a wide 
luminance range. Responses from units in the cat LGN have been employed to 
determine the absolute threshold of vision (317). Using flashes of green light, 
thresholds varying from 1.7X10-! to 7.41077 ergs/sec. Xcm.? (retina) 
were found. The most sensitive response, which was an “‘off’’ discharge, was 
still about three times the mean threshold obtained by behavioral methods. 
This lack of precise agreement is not surprising in view of possible effects of 
anesthesia, surgical procedures, and failure of the microelectrode to sample 
the most sensitive units. 

Visual cortex.—The technique of unit recording was applied to the study 
of the visual cortex responses. This recording was made in the cat in both 
the unanesthetized, unrestrained state (318) and in t:.e encephale isolé prepa- 
ration (319, 320). In the latter preparation units were located which respond- 
ed to illumination by ‘‘on’’,“‘ off’, and ‘‘on-off”’ discharges. In addition there 
were units which gave no responses and others which showed inhibition. 
Inhibition occurred at ‘‘off’’, during illumination, and at both ‘‘on” and “off” 
of light. It will be recalled that Brown & Wiesel (29) reported the finding in 
cat retina of cells which gave pure inhibition at both “on” and “off”. This 
pattern is similar to the behavior of units which Jung (319) termed type C 
responses. The results indicate that all patterns of retinal responses to light 
are represented by analogous cortical patterns. Hubel’s work (318) on the 
unanesthetized cat revealed the occurrence of important new patterns of 
activity. In addition to responses to diffuse light, Hubel demonstrated the 
existence of units which gave little or no discharge to diffuse light but re- 
sponded to specific patterns of movement of a moving spot. This suggests the 
convergence on to cortical cells of retinal units which utilize specific spatial 
and temporal patterns of excitation and thus convey information of the 
whole sequence. The cells of the visual cortex, like those of other sensory 
areas, are subject to excitatory and inhibitory influences from thalamic 
nuclei and reticular formation. Jung (319) pointed out examples of this, and 
the extraordinary facilitation and inhibition of visually evoked cortical po- 
tentials as the result of subcortical stimulations were well documented by 
Bremer & Stoupel (321). Akimoto & Creutzfeldt (322) called attention to the 
large number of non-specific thalamic nuclei, stimulation of which influences 
the responses of the cells of the visual cortex. 

The complex evoked potentials recorded from the surface of the visual 
cortex were shown to consist at least of a primary and of a later, secondary 
response. These evoked potentials were examined especially in the cat, in 
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which animal the exact form depends, for one thing, on the cortical area from 
which the recording is made (323). The primary response consists typically 
of an initial, surface-positive wave which is immediately followed by a slower 
negative complex. The exact significance of the positive and negative waves 
is still in doubt, but most writers favor the view that the positive deflection 
arises from activity in the subcortical cell bodies or fibers (or both) and that 
the negative waves are the result of action in the cortical neurons (324). The 
secondary response, about which little is known, was recently investigated 
by Brazier (325). This delayed potential with a latency of 70 to 80 msec. 
was not found in the optic tract or the LGN, but some evidence was pre- 
sented that it reaches the cortex by way of the white matter in which lies 
the optic radiation. Doty (323) noted the occurrence in the cat visual cortex 
of secondary ‘‘on”’ and secondary ‘‘off’’ responses. He also agreed that these 
did not arrive at the cortex by way of the LGN. He reported the presence 
of interaction between the secondary ‘‘on’’ and the primary ‘‘off’’ potentials 
as if these were not entirely independent phenomena. In addition to the 
primary and secondary responses, rhythmic after-discharges of a relatively 
long duration were noted in response to illumination of the eye (326). These 
are potentials probably related to a cycle of excitability change which follows 
an afferent volley. Doty (323) made an extensive study of the topographical 
relations of the evoked potentials from the cat cortex. He observed that the 
largest responses were consistently obtained from a strip of cortex 2 mm. 
wide on the dorsal surface of the marginal gyrus. The notable feature of this 
finding was that this region (region A) is probably outside the striate cortex 
since unilateral extirpation of this region was shown to cause little retrograde 
degeneration of the LGN. As a control to this, it was demonstrated that 
extirpation in the same cat of an equal cortical mass at the medial edge of the 
opposite marginal gyrus, within the striate cortex and from which small 
evoked potentials were obtained, led to extensive degeneration of the LGN. 
The suggestion was made that region A in the cat may be activated by col- 
laterals of geniculate neurons. Punctiform (1° subtend) stimulation of the 
retina failed to reveal the topographical retinocortical projections found in 
the cat by Marshall & Talbot (327). While admitting other possible explana- 
tions for this failure to find specific projections, Doty recognized the diffi- 
culty of such an experiment, especially in the cat which is provided with a 
tapetum. It should aiso be noted that Marshall & Talbot employed a much 
smaller test spot, one which subtended 20’ at the retina. 

The primary response to illumination was investigated in the cat in rela- 
tion to the effects of varying the parameters of stimulation. The complexities 
of the response, the influence of type and depth of anesthesia, and other 
difficulties made this approach somewhat tedious and uncertain but some 
statements can be made. One study—that of Van Hof (328)—appears not 
to have received attention in previous issues of this series and is worthy of 
mention because the author attempted to make some quantitative compari- 
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sons of the responses to certain parameters of stimulation. Both ‘‘on” and 
“off” potentials, especially the initial surface-positive waves, were examined. 
The amplitude of the surface negative wave for both ‘‘on” and ‘“‘off’’ re- 
sponses was found to be proportional to the size of the initial positive deflec- 
tion, but the slope of the relationship was greater when the cat was lightly 
anesthetized. Since Van Hof considered the negative wave to be related to an 
efferent discharge in the cortical neurons, he concluded from the above rela- 
tionship that the discharge is quantitatively dependent on the strength of the 
afferent volley. The latency to ‘‘on’”’ (40 to 70 msec.) measured from start 
of flash to peak of positivity was found to be inversely proportional to the 
logarithm of the illuminating intensity. The latency to “‘off’’ (35 to 45 msec.) 
was similarly related to the intensity. The magnitude of both these responses 
was proportional to the logarithm of light intensity. The situation may not 
always be as simple as appears in the above results. The results reported by 
Lennox & Madsen (329) revealed a complexity of cortical potentials accord- 
ing to the stimulus intensity. Multiple ‘‘on’’ as well as multiple ‘‘off’’ records 
were noted. Cortical latency decreased with increase in intensity while corti- 
cal amplitude as a function of log I gave a sigmoid type of curve. Some evi- 
dence of specific wavelength effects was mentioned. It was suggested, for 
example, that the cortical response to blue light was greater than to green 
light when the intensities were adjusted to yield retinograms of equal size. 
In addition, blue, green, yellow, and red flashes which gave equal latencies 
for the retinogram showed cortical latencies which were longer for the blue 
than for the other colors. In another publication Madsen & Lennox (330) 
found differences in the responses evoked from different points of the visual 
cortex. From the posterior and middle areas, ‘‘on’’ responses with dual posi- 
tive phases were obtained for the lower and median ranges of light intensity. 
From the anterior optic cortex only one—the second—positive wave was 
obtained. In addition, differences were reported in the latencies to different 
colors between the anterior and posterior regions of the visual cortex. An at- 
tempt was made by Cohn (331) to detect specific wavelength effects in 
units of the LGN and the visual cortex of the cat. Using single lines of the 
mercury spectrum, Cohn recorded the discharge to a short (20 msec.) flash. 
He found no evidence, in the unit patterns of spikes, for wavelength specific 
effects either in the LGN or the cortex. It is difficult to see how the restrictive 
experimental conditions set up by Cohn would be propitious for revealing 
wavelength effects. The use of a very short flash precluded the possibility of 
recording ‘‘off’’ responses which, as suggested previously in this review, 
might be associated with pathways mediating information about color. 
Moreover, as Cohn recognized, the restriction of the examination to a single 
unit may shut off the very avenue—the inter-unit pattern—which may be 
important in forwarding information about wavelength. In addition, Cohn’s 
constancy of cortical responses should be explained in the light of the five 
different types of responding units discovered by Jung (320). While admitting 
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that the behavioral studies probably support the hypothesis that the cat has 
no color vision, this reviewer cannot agree that Cohn’s study on its own can 
be conclusively employed to negate the other results mentioned in this review 
suggesting the existence of color-specific mechanisms in the cat. 

An interesting but fatiguing approach to the study of vision in relation 
to central processes involves the use of cortical potentials to determine 
spectral sensitivity. The comparison of such curves with those obtained by 
psychophysical and behavioral methods, on the one hand, and with those 
obtained by recording retinal potentials should be interesting from several 
points of view. This approach has only recently been explored. An extensive 
investigation by Ingvar (332) compared the equal ERG response curves with 
similar curves obtained by using the evoked potentials in the cortex, the 
LGN, the superior colliculus, and the optic tract. The cat was employed in 
a cerveau tsolé condition. The retinal sensitivity curves did not exactly match 
the absorption curve of visual purple but, instead, had a major disparity, 
in the form of elevated sensitivity, at 470-490 my and a smaller and doubtful 
(to this reviewer) deviation at 530 my. Both latency and amplitude of corti- 
cal responses to light were employed to obtain equal response spectral curves. 
The graphs relating latency to log I at various wavelengths were generally 
linear. The graphs relating amplitude to log I were more complicated, show- 
ing an increase in potential as luminance increased up to a point, following 
which there occurred either no further increase or an actual decrease. No 
detailed display of the evoked potentials was given so that it is not possible 
to know whether or not the data for any one sequence of intensities were 
comparable. From interpolations of these graphs, Ingvar obtained a number 
of spectral sensitivity curves showing a general similarity to the rhodopsin 
curve but displaying several secondary peaks. Two low-intensity patterns 
were thought to be constant enough to be considered as evidence of two 
separate rod systems. Of these two patterns, one was characterized by a 
single peak at 490 my, the other by a double peak at 450-470 my and 510-530 
my. With some light adaptation a third pattern was considered to be indi- 
cated. This was characterized by a peak at 550 muy, interpreted as a photopic 
dominator, a very large peak at 450 to 470 my, and a small inflection at 610 
my. The third pattern was interpreted as being suggestive of some sort of 
trichromatic color vision mechanism. From other central structures evidence 
was secured that similar spectral patterns are projected to the LGN and 
superior colliculus. This reviewer only wishes to make a constructive com- 
ment on the type of work represented by Ingvar’s interesting approach. As 
already indicated in other sections of this review, the evoked responses have 
been shown to be extremely variable and complicated indices of physiological 
activity. Time effects, the state of anesthesia, the condition of the animal, 
the location from which the recording is made, the nature and magnitude of 
impulses from subcortical nuclei, and other factors all combine to give a 
system which lacks the stability and precision which one would like to achieve 
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in work of this sort. This reviewer therefore hopes that means can eventually 
be found to make recordings from the central areas less subject to arbitrary 
decisions. Another account is that of Armington & Crampton (333) who 
used chickens and determined the equal response spectrum using both the 
ERG and the potentials evoked at the optic tectum. Over a range of lumi- 
nances a pure scotopic curve agreeing with the rhodopsin spectrum was 
never found, even though behavioral studies such as those of Blough (334), 
with the pigeon, showed that such agreement can be achieved. Instead 
Armington & Crampton obtained data which they found could be fitted by 
curves constructed by assuming a mixture of rhodopsin and iodopsin contri- 
butions in varying proportions. Purkinje shifts of varying degrees were 
noted for both the tectal and the retinal responses but the shifts were not 
equal for the two types of responses. The lack of consistent behavior in the 
responses from various chickens makes it difficult to evaluate the disparity 
between tectal and retinal responses. Evoked potentials have occasionally 
been recorded from the cortex of animals other than the cat. These include 
recent studies on the rabbit (335), the monkey (323), and man (336 to 339). 
Monnier (339) reviewed much of the literature relating to the topography of 
the cortical-evoked potentials in several animals including man. Monnier 
summarized the data obtained in his laboratory since 1949 relating to the 
retinal-cortical time for man. Figures of 5 to 15 msec. were given for this 
interval. 

Responses from cerebellar cortex.—Evoked potentials appear at the corti- 
cal surface of the cerebellum in response to many types of afferent stimu- 
lations. Snider & Stowell (340) made a careful topographic study of the re- 
sponses which result from photic stimulation of the eye. Using cats under 
chloralose anesthesia, such potentials were recorded chiefly from portions of 
the vermis although some spread to the hemispheres was noted. The poten- 
tials were variable in form though commonly a diphasic wave with an initial 
surface positivity was encountered. The visual areas coincided roughly with 
the auditory areas and both of these differed topographically from the tactile 
areas. The latency for the visual responses averaged 45 msec. which was 
much longer than the corresponding latencies for the auditory (11 msec.) and 
tactile (14 to 38 msec.) potentials. Snider & Stowell thought their results 
were valid evidence of a true visual representation in the cerebellum al- 
though, as they admitted, photically-evoked potentials occurred only under 
chloralose treatment. Chloralose may have an excitatory action, so that 
the physiological meaning of these results may properly be considered. This 
fear is largely allayed by the work of the Bologna physiologists who have 
published a series of reports on the matter. Reviewed recently (341), this 
work indicates that visually evoked potentials are detectable at the cerebellar 
surface in the curarized, unanesthetized cat. In contrast to the results from 
the chloralose-treated animal, the responses were anatomically more local- 
ized, mainly at the surface of declive, folium, and tuber vermis. The latency 
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depended on light intensity being as short as 30 to 40 msec. In addition, 
cerebellar responses were noted after electrical stimulation of the optic 
nerves. The latency of these in the unanesthetized animal was only 7 to 15 
msec. The anatomical pathways by which these impulses reach the cere- 
bellum have not yet been clearly mapped out. Snider & Stowell considered 
that neither the cortex nor the LGN was involved since an animal from which 
the neocortex had been removed 11 mo. before the test gave responses similar 
to those of a normal cat. The possibility of thermal stimulation from the 
lamp and the possible effects of orbital and lid movements were also con- 
sidered and eliminated. The finding of a rhodopsin-like spectral response 
curve based on the cerebellar potentials would provide unequivocal evidence 
that the visual cells mediate the response. Snider & Stowell cited anatomical 
reasons and mentioned the effects of electrical stimulation of the dorsal sur- 
face of the superior colliculus as evidence that the tectum may be involved as 
a pathway for impulses from the retina to the cerebellum. These tectal im- 
pulses could reach the cerebellum from the superior colliculus directly or by 
way of the pons since Rasmussen (342) suggested the existence in the cat of a 
tectopontine tract. The potential existence of both these pathways to the 
cerebellum was suggested by Fadiga and his colleagues (343 to 346). The 
tectopontine fibers were believed to reach the cerebellum by way of the mid- 
dle cerebellar peduncle. Evidence for this was: (a) in unanesthetized cats the 
spike discharge recorded from this peduncle appeared prior to the positive 
wave evoked at the cerebellar surface; (b) discharges from this peduncle were 
unmodified by cerebellectomy; (c) after transection of this peduncle, cere- 
bellar responses failed to occur as the result of electrical or photic stimula- 
tion; and (d) transection of the superior cerebellar peduncles did not inter- 
fere with the appearance of cerebellar-evoked potentials. The tectocerebellar 
pathway was demonstrated only under chloralose anesthesia and was con- 
sidered to travel via the medial portion of the superior cerebellar peduncle. 
Evidence for this was: (a) in unanesthetized cats, the discharge in the supe- 
rior peduncle began after the cortical response whereas, following chloralose, 
the discharge from medial portion of this peduncle began before the evoked 
potential; (b) in the unanesthetized cat, cerebellectomy abolished all dis- 
charges recorded from the superior cerebellar peduncle; during chloralose 
anesthesia, a spike discharge was detected in the medial portion of this 
peduncle even after cerebellectomy; and (c) in the chloralose-treated cat after 
transection of only the middle cerebellar peduncles, the evoked potentials 
still were found in the cerebellum. These experiments do not, of course, prove 
that the tectocerebellar fibers are physiologically important, and they raise 
the question as to the site and mode of action of chloralose. Koella (347) also 
investigated the optically evoked potentials in the cerebellar cortex of the 
chloralose-treated cat. While confirming many of the findings of Snider & 
Stowell (340), Koella added some observations of his own. The variability in 
response was very great, making precise statements impossible. There oc- 
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curred, for example, waxing and waning of evoked potentials during a suc- 
cessive series of flashes of constant luminance. Such variations were not noted 
either in the ERG or in records taken from the superior colliculus. The 
amplitude of the response showed a tendency to increase with increase in 
stimulus luminance while the latencies of the positive and negative waves 
decreased with increase in luminance. The wave form of the evoked complex 
was also shown to depend on luminance. Increase in stimulus duration up to 
10 msec. (at intensity used) decreased the latency of the positive wave, and 
“off” responses appeared at longer durations. In many of these properties 
the cerebellar evoked potentials are similar to the responses from the cerebral 
visual cortex. No one, to this reviewer's knowledge, has yet published a 
record of cerebellar responses to stimulation with colored light. A few studies 
have been reported showing the occurrence of evoked potentials in the cere- 
bellar cortex of birds (349). In connection with the idea that the superior 
colliculus in mammals plays a role in visual processes, it is relevant to note 
that visually evoked potentials have been recorded from the optic tectum of 
submammalian forms (333, 348, 350, 351). In these vertebrates there is a 
neat point-to-point representation of the retina on the optic lobe (351, 352) 
which has a similarity to the systematic representation of the retina on tiie 
superior colliculus of mammals (353). An interesting report by Lettvin & 
Maturana (354, 355) is inserted here because it involves the optic tectum 
(frog). The basic idea in this report is that three different types of optic nerve 
fibers, roughly corresponding to the ‘‘on’’, ‘‘on-off’’, and ‘‘off’’ fibers, are the 
mediators of three different sets of operations. These three groups are con- 
ceived as projecting to the tectum, and there the terminals are conceived to 
be segregated anatomically (though the evidence is only physiological) into 
three aligned layers of terminals into which extend the dendrites of the tectal 
cells. The three groups of fibers are thought to be ordered in the tectum but 
not in the optic nerve. The three operations mediated by these fibers are (a) 
edging, (0) front or back detecting, or both, and (c) gross movement detect- 
ing. Operation (a), probably involving the slowest conducting fibers, deals 
with activity which depends on sharpness of contrast at edges within the re- 
ceptive field. These fibers respond to a sharply defined target brought into the 
receptive field, the responses occurring during the inward movement and also 
for some time after the target has been brought in and stopped. A curious 
feature of this operation is that turning off the light after the target has moved 
in and stopped, and then reilluminating again, causes the disappearance of 
the discharge. In other words, movement is a feature involved in this opera- 
tion, and the effect of movement can be erased by a period of darkness. In- 
formation as to size of target is also carried in the discharges involved in this 
operation. Operation (b) involves ‘‘on” or ‘‘off’’ fibers, or both, which yield 
discharges to a target moving within the receptive field, the discharge de- 
pending on velocity of movement but not on direction (except occasionally). 
By means of this operation, for example, information about the number of 
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fingers moving across the receptive field is conveyed in the discharge. Opera- 
tion (c) seems to be. mediated by fibers ending in the deepest of the three 
layers of the tectum. These fibers respond to a dimming or turning off of light 
by a prolonged discharge. Groups of such fibers fire in phase so that oscilla- 
tions may be set up. The ‘‘off’’ discharges will, of course, be inhibited by a 
movement through the field. These fibers then measure the average darken- 
ing in the receptive fields. The authors suggest that this grouping into three 
types is only very crude and that probably finer subdivisions of functional 
types will eventually be made. These intriguing preliminary statements were 
made without records of the discharges. It will be interesting to see how pre- 
cisely the evidence will match the conclusions. Indeed, this is a fitting note 
with which to end this review. 
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ADENOHYPOPHYSIS AND ADRENAL CORTEX?? 


By WILLIAM F. GANONG AND PETER H. FoRSHAM 
Departments of Physiology and Medicine and the Metabolic Unit for Research 
in Arthritis and Allied Diseases, University of California 
School of Medicine, San Francisco, California 


The mammalian adrenal cortex secretes glucocorticoids, mineralocorti- 
coids, androgens, and estrogens. This review is concerned with the adrenal 
synthesis of each of these classes of compounds and with the regulation of 
their secretion, metabolism, and excretion. Certain aspects of adrenal and 
pituitary physiology which are not covered here have been summarized in 
recent reviews. These include the extra-adrenal effect of ACTH on fat me- 
tabolism (3), thyroid-adrenal interrelations (114), adrenal regeneration 
hypertension (276), the role of the adrenal in experimental hypertension 
(291), and the general topic of increasing the potency of natural steroids by 
changing their molecular configuration (86). 


SYNTHESIS OF GLUCOCORTICOIDS 


Current concepts of cortical steroidogenesis are summarized in Dorfman’s 
paper on normal, hyperplastic, and tumorous adrenocortical tissue (57). 
Carbon-19 steroids were found to be produced by human fetal adrenal tissue 
between 12 and 22 weeks of age (21). Production of 17a-hydroxyprogesterone 
and A‘-androstenediol by this tissue was demonstrated (283), as well as fur- 
ther transformation of 17-hydroxyprogesterone to 11-deoxycortisol and 
cortisol (22). Apparently, the enzymes necessary for glucocorticoid synthesis 
are present in utero in man. Evidence against production of cortisol or aldos- 
terone by the placenta has been reported (36). 

The total suppressive effect of 1,2-bis(p-aminophenyl)-2-methyl-1- 
propanone (Amphenone) on adrenocortical secretion, including aldosterone 
(9), is of value in patients with adrenal neoplasms (87). This effect is absent 
in the hamster (191). The adrenocorticolytic component in technical DDD 
(2,2 bis(2-chlorophenyl-4-chlorophenyl)-1,-1-dichloroethane) is the o0,p’ 
isomer (306). This material was effective orally in dogs but spared the glo- 
merulosa. It induced a moderate reduction in steroid output in humans (28). 

Chart et al. (32) reported the synthesis and animal trial of an amphenone 
derivative, SU-4885 [2-methyl-1,2-bis(3-pyridyl)-1-propane], which sup- 
pressed adrenal secretion. In dogs receiving a continuous infusion of ACTH, 
large doses of SU-4885, like amphenone, suppressed all adrenal secretion 
(144, 145). However, a smaller dose, 5 mg./kg./} hr., caused a striking 
qualitative shift in secretion. Total output of Porter-Silber chromogens did 
not change, but the cortisol in the adrenal effluent was replaced by 11-deoxy- 


1 This review covers literature available through July 15, 1959. 
2 The following abbreviation is among those used in this chapter: CRF (corti- 
cotropin-releasing factor). 
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cortisol (Reichstein’s Compound S) for about 8 hr. Corticosterone secretion 
dropped and 11-deoxycorticosterone secretion rose tremendously. Su-4885 
therefore appears to inhibit adrenal 11-hydroxylase selectively when given 
in small doses. Confirmation of this effect in man has appeared (146, 181), 
and Liddle et al. (181), hypothesizing that the drop in plasma cortisol follow- 
ing administration of the drug stimulated ACTH secretion, suggested its use 
as a test of pituitary reserve. 


REGULATION OF ACTH SECRETION 


In the past, the regulation of corticotropin secretion has been discussed 
in terms of three general theories: the epinephrine theory proposed by Long, 
the glucocorticoid feedback hypothesis of Sayers, and hypothalamic regula- 
tion. Such a classification implies a separation of factors which are clearly 
interrelated. There is no question today that the hypothalamus is involved 
in the control of ACTH secretion. The problems at present are the trigger 
mechanism(s) responsible for firing the hypothalamo-adenohypophyseal sys- 
tem, and its role in the day-to-day regulation of aarenal cortical secretion. 
A number of recent reviews are pertinent to certain aspects of this subject 
(82, 90, 91, 105, 253, 260, 261, 313). Another important event in the neuro- 
endocrine literature was the publication in book form of the papers presented 
at the International Symposium on the Diencephalon in Milan in 1956 (46). 

Biochemistry of ACTH.—In the complicated field of ACTH chemistry, 
Li’s (179) suggestion for a uniform nomenclature should be an asset. Meas- 
urement continues to be by bioassay; and refinements of old methods, plus 
several new ones, have been reported (39, 77, 79, 111, 185, 215, 242). Whether 
or not the adrenal weight-maintaining effects of pituitary preparations are 
separable from corticosteroid-releasing activity is unsettled. The demonstra- 
tion that alkaline pituitary extract (“‘precorticotropin’’) does not deplete 
ascorbic acid but that mild chemical treatment converts it into an active 
compound may be pertinent to this problem (49). 

There is also no agreement as yet on the type of cell secreting ACTH 
(64), but recent reports of chromophobe ACTH-secreting tumors in patients 
after bilateral adrenalectomy for Cushing’s syndrome are of considerable 
interest in this regard. In one case reported in detail, the tumor grew rapidly 
after adrenalectomy (220). 

The actions of ACTH on the adrenal include, in addition to a ninefold 
increase in steroid production (19), an increase in adrenal blood flow (269, 
294). Whether this is primary or secondary to changes in adrenocortical me- 
tabolism remains to be investigated. The various ions necessary for the action 
of ACTH on the adrenal in vitro were listed by Péron & Koritz (237), who 
conclude that ACTH does not control the rate of entry of substances into 
adrenocortical cells. The changes produced by ACTH in the human adrenal 
were summarized (294). Reported histochemical changes related to the action 
of ACTH on the adrenal cortex include an increase in RNA and basic phos- 
phatase, acid phosphatase, and dehydrogenase during the acute phase, with 
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return of the RNA to normal after prolonged stimulation (29, 294). There 
was an increase in coenzyme A and pantothenate with ACTH stimulation 
and a decrease after hypophysectomy (107). Radioactive vitamin By, local- 
ized in high concentration in the adrenal cortex of the rat (312). Vitamin Bs 
deficiency produced a defect in steroidogenesis in the rat (62). These and 
other general observations point to the high degree of metabolic activity 
produced by ACTH in the adrenal cortex. A most important biochemical 
link has been provided by Haynes and his associates (118, 119) with the 
demonstration that adenosine-3’, 5’-monophosphate will stimulate steroid 
production in the rat adrenal in vitro in the absence of any added ACTH and, 
under the conditions employed, to a greater extent than ACTH itself. The 
response proved specific, and closely related compounds had no such effect. 
These findings support a theory that ACTH activates adrenal phosphorylase 
by causing 3’, 5’-adenosinemonophosphate accumulation. This is analogous 
to the action of glucagon and epinephrine on hepatic phosphorylase. Phos- 
phorylase activation stimulates a greater rate of glucose breakdown through 
the hexose monophosphate shunt, thereby leading to increased formation of 
triphosphopyridine nucleotide (reduced form), known to be a vital coenzyme 
in adrenocorticoid synthesis. 

The intriguing problem of the exact biological role of the ascorbic acid 
in the adrenal cortex remains unsolved. Following ACTH administration, 
it enters the blood stream, and the amount in rat adrenal venous blood is 
proportional to the log of the ACTH dose over the range of 0.01 to 0.10 
mU/100 gm. (215). The total collected in the adrenal effluent over a period 
of time is greater than the fall in the content of the gland. The gland stays 
depleted after steroid output has returned to normal (273). The ascorbic acid 
depleting effect of ACTH is enhanced by casein hydrolysates, lysine, and a 
variety of other chelating agents (40). It is also increased, according to 
Comsa (42), by thymectomy. On the other hand, ascorbic acid depletion 
does not occur in all animal species. It has been claimed that although some 
depletion occurs in hens, none occurs in the chick (137, 221, 222, 234) even 
though ACTH does cause cholesterol depletion and adrenal enlargement. The 
adrenal of the chick appears to respond somewhat sluggishly to ACTH in any 
case (221), but ACTH did cause a slight decrease in the hormone content of 
the gland. The adrenal of the California quail is also unresponsive to ACTH 
and cortisol (72). In the scorbutic guinea pig, adrenal ascorbic acid is low, 
the adrenal is hypertrophic (136), and basal steroid output is elevated (217), 
yet the response to ACTH is normal or near normal (149, 217). 

Saloman’s studies throw some light on the dynamics of ascorbic acid 
metabolism in the rat adrenal (265, 266). He found that the rate of repletion 
of ascorbic acid was a first-order reaction unaffected by ACTH. He postu- 
lated the presence of two adrenal ascorbic acid components, one exchanging 
rapidly, the other slowly. ACTH appears to affect the slowly exchanging 
component. 

Apart from the problem of biologic function, the question of specificity 
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of ascorbic acid depletion as an indicator of ACTH secretion remains of great 
importance because of the extensive use of this parameter in research. Al- 
though it is generally correlated with the level of steroid secretion, there are 
possible exceptions (109, 278). Furthermore, since an easy, reliable method 
for determination of plasma corticosterone is available (109), use of this 
latter measure seems indicated in future research. 

Anatomy and physiology of the hypothalamo-adenohypophyseal system.— 
The neurohypophysis is embryologically and functionally a part of the brain. 
The anterior lobe of the pituitary, on the other hand, has a vascular link with 
the hypothalamus provided by the portal-hypophyseal vessels. It has been 
widely assumed that oxytocin and vasopressin are actually formed in the cells 
of the supraoptic and paraventricular nuclei and pass down their axons to the 
posterior lobe. The evidence for this process of neurosecretion was originally 
entirely morphological, but there is a growing body of circumstantial physio- 
logical evidence in favor of the idea (1, 308). Bargmann (13) summarized the 
subject in a short review. 

Whether or not the adenohypophysis receives a .ecretomotor innervation 
from the hypothalamus continues to be a topic of considerable controversy. 
Metuzals (206), using the Bielchowsky-Gros method of staining, reported 
that in the cat there are two nerve networks in the adenohypophysis. One of 
these is sympathetic in origin, while the other comes from the hypothalamus. 
He found that these latter fibers degenerated after lesions in the median 
eminence. Such morphologic evidence is difficult to dismiss, but the fact that 
nerve fibers are observed in the intact preparation does not mean that they 
have physiological significance in the regulation of ACTH or other tropic 
hormone secretions (91). Nikitovich-Winer & Everett (228) showed that the 
pituitary which has been transplanted to the kidney for one month can be 
retransplanted under the median eminence with a return to normal not only 
of estrus cycles, but of adrenal size and function. Hékfelt et al. (128) reported 
an elevated excretion of glucocorticoids in the urine in the immediate post- 
operative period after sectioning the pituitary stalk, while two humans who 
underwent hypophysectomy showed a prompt decline in the excretion of 
these products to very low levels. The functional data thus seem to rule out 
the possibility that direct nervous connections are of controlling importance 
in the secretion of ACTH. 

On the other hand, there are nerve fibers in the rat passing to the pars 
tuberalis with neurosecretory material accumulated around their endings 
(6). Several authors (82, 285, 292) described fibers ending in close approxima- 
tion to capillaries of the primary plexus of the portal vessels. Some caution 
is in order in interpreting these fibers as the source of neurosecretory ma- 
terial found near them or in the capillaries of the portal vessels. However, 
the data do support the hypothesis that nerve fibers end in the median emi- 
nence region and may dump their secretory products into the blood vessels 
of the region. 

During the past year, increasing attention was paid to the possibility of 
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blood flowing from the posterior lobe of the pituitary directly to the anterior 
through anastomoses between the posterior lobe artery and the sinusoids of 
the anterior lobe. Holmes & Zuckerman (131) report evidence for the exist- 
ence of such an anastomosis in the rhesus monkey. They review the evidence 
for these connections in other species. In man and the sheep, it is claimed 
that all the blood coming to the anterior lobe comes from (a) ‘‘long”’ portal 
vessels arising from the primary plexus on the median eminence and pitui- 
tary stalk and (b) “‘short”’ portal vessels, the anastomotic channels from the 
posterior lobe artery. This implies that in these species there is probably no 
blood arriving in the anterior pituitary which has not first passed through 
neurohypophyseal tissue. 

Ganong (91) reviewed the physiological evidence relating to the role of 
the portal-hypophyseal vessels in the secretion of ACTH and other hormones 
by the anterior pituitary. Many of the conclusions about the role of the portal 
vessels in the control of ACTH secretion were based on experiments in which 
the end points, for example, eosinopenia, lymphocytopenia, and adrenal 
ascorbic acid depletion, were either qualitative or at best semiquantitative in 
nature. There is little doubt that the portal vessels are the preferential path- 
way to the anterior pituitary, but the available evidence indicates that the 
material secreted by the hypothalamic centers can also pass via the general 
circulation to the pituitary, diluted but still capable of producing an appreci- 
able activation of ACTH release (91). Recent evidence supports this conclu- 
sion. Immediately after stalk section in the human, blood ACTH fell to un- 
detectable levels (141), but urinary hydroxycorticoid excretion was elevated 
during the postoperative period including the first postoperative day (128). 
Finally, burning and laparotomy produced some adrenocortical activation in 
the dog after stalk section (164). Further experiments, taking into account 
the details of the vascular anatomy of the species used, measuring pituitary 
blood flow postoperatively (102), and utilizing direct measurement of 
adrenal hydroxycorticoid secretion rather than semiquantitative measures, 
should settle definitively the relative role of the portal vessels in the initiation 
of ACTH secretion. 

There is general agreement today that destruction of the median emi- 
nence of the hypothalamus disrupts the function of the hypothalamo-adeno- 
hypophyseal mechanism (90, 140, 256). There remains some difference of 
opinion about the blocking effects of premammillary and mammillary lesions 
in some species. Smelik (280) studied the effects of hypothalamic lesions on 
the adrenal ascorbic acid depletion produced in rats by unilateral adrenalec- 
tomy, epinephrine, histamine, formalin, pitressin, electric shock, asphyxia, 
and a changed environment. The response to a new environment (‘‘emotional 
stress’’) was blocked by premammillary lesions, but the response to all the 
other stressful stimuli was not depressed. Tuberal lesions blocked the re- 
sponse to all the stimuli except pitressin. Smelik concluded that ‘“‘emotional 
stress’’ was blocked by premammillary lesions, while the response to ‘‘sys- 
temic stress’’ was not affected. If his observations are confirmed, they will do 
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much to clarify the confusion about the role of the premammillary region in 
the response to stress. 

These data also agree with the results of others (100, 163). George & Way 
(100) found that acetylsalicylic acid caused ascorbic acid depletion in the 
rat, a response which was blocked by hypophysectomy and by destruction 
of more than 75 per cent of the median eminence. Incomplete destruction 
of this region was ineffective. These results are interesting, but there is con- 
siderable controversy on the question of whether or not acetylsalicylic acid, 
at least in moderate dosage, activates the pituitary-adrenal system. Batter- 
man (16) marshalled an impressive array of data which indicate that ace- 
tylsalicylic acid does not produce ACTH release in man or the dog. It is pos- 
sible that this particular agent is similar to epinephrine (see below) in causing 
ascorbic acid depletion in the rat but failing to produce ACTH secretion in 
the dog or man. 

Slusher (278) dissents from the view that median eminence lesions block 
the response to stress in the rat. She reported that such lesions prevented the 
ascorbic acid depletion response to operative trauma but did not impair the 
increased secretion of corticosterone as measured directly in the adrenal vein. 
Conversely, lesions just above and behind the tuber had the opposite effect. 
In the rat, an appreciable rise in the peripheral circulating corticosterone 
level can occur with mild stress without a significant fall in adrenal ascorbic 
acid (109). Slusher’s results with median eminence lesions could therefore be 
the result of incomplete lesions with a diminished but not absent ACTH re- 
lease in response to trauma. The opposite response, abolition of the corticos- 
terone rise without affecting the ascorbic acid fall, is a most unexpected and 
at present unexplained finding. 

Another rather surprising group of experiments reports that stepwise 
removal of the cerebral cortex down to the hypothalamus had no effect on 
the adrenocortical response to trauma as measured by the output of 17- 
hydroxycorticoids in the adrenal vein (290). Subsequently, the hypothala- 
mus was also removed in seven of these dogs; and in four of them, adrenal 
vein samples were followed for a period of three to six hours thereafter. At 
least in several of these dogs, corticoid secretion was only mildly if at all de- 
pressed. Egdahl et al. (58) claim that in some animals it is possible to remove 
the hypothalamus ‘‘including the median eminence’ without appreciably 
interfering with the adrenocortical activation that follows stress. Serial sec- 
tions of the remaining pituitary tissue would be of great importance in these 
experiments. In the dog, the pituitary stalk is short and broad, with a wide 
contact between the median eminence and the pars tuberalis of the hy- 
pophysis. It must beextremely difficult toremove all neural tissue without pro- 
ducing infarction of the anterior pituitary. Furthermore, it is now estab- 
lished that the dog is one of the species in which there is a free communica- 
tion between the blood supply of the posterior lobe and that of the anterior. 
Corticotropin-releasing factor (CRF) apparently occurs with equal abun- 
dance in the ventral hypothalamus and posterior pituitary (261). Therefore, 
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it is possible that the results of hypothalamic removal are explained by a 
slow release of CRF from posterior lobe tissue. One also wonders whether or 
not a chronic mild ischemia of the anterior pituitary remnant might not lead 
to an irregular discharge of the preformed ACTH in the gland. If these pos- 
sibilities can be ruled out, however, these experiments will force considerable 
revision of our present concepts of neuroendocrine control of ACTH secre- 
tion. 

Pharmacological blockade of the adenohypophyseal mechanism, partic- 
ularly with pentobarbital and morphine, is being used in a number of labora- 
tories for the screening of corticotropin-stimulating neurohumors. This year, 
a number of reports have appeared suggesting some caution in the interpre- 
tation of drug blockade experiments. Most of the drug-blocking agents 
initially stimulate ascorbic acid depletion. Mepazine (Pacatal), a congener of 
chlorpromazine, had this effect; but chronic therapy, it was claimed, caused 
a diminished response to unilateral adrenalectomy and a slight inhibition of 
the ascorbic acid depletion produced by epinephrine and histamine (231). 
However, in another experiment (275), chlorpromazine appeared to diminish 
the adrenal secretory response to intravenous ACTH in humans. This ob- 
servation suggests either decreased responsiveness of the adrenal cortex itself 
or some alteration in the metabolism or excretion of the adrenal cortical 
hormones in the chlorpromazine-treated patients. Reiss (241) challenged the 
point of view that chlorpromazine can obtund the response to stress. He 
treated rats with chlorpromazine and found that it produced mild hyper- 
trophy of the adrenals. Furthermore, in chlorpromazine-treated animals there 
was a high pituitary content of ACTH and no blockade of the ascorbic acid 
depletion from the injection of formalin subcutaneously, electric shock, or 
prolonged swimming. Repeated exposure to electric shocks or swimming also 
produced hypertrophy of the adrenals that was not blocked by chlorproma- 
zine. 

Diphenylhydantoin is another agent which is said to have a blocking 
influence on the pituitary release of ACTH (313). Decreased responsivity 
to ACTH in patients chronically treated with diphenylhydantoin has been 
reported (35), a fact which must be kept in mind in evaluating claims that 
diphenylhydantoin depresses the neural component of the adrenocortical 
regulatory system. 

A few reservations also appeared about pentobarbital and morphine 
blockade of ACTH release. The pertinent older literature was extensively 
reviewed (313). Recently pentobarbital and morphine were found not to 
block the stress of cannulation of the adrenal vein in the rat (134). Pento- 
barbital alone could stress the animal if care were not taken to give a full 
anesthetic dose rapidly. The important point is that this blockade is relative 
rather than absolute. If a hypothalamic extract is active in the blockaded 
animal, it is always possible that the magnitude of the non-specific stimula- 
tion produced by the extract could have overcome the blockade. 

During the past year, the fact that stimulation of the hypothalamus can 
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initiate ACTH release was confirmed. Stimulation of the median eminence 
region and the orbital surface of the frontal lobe in the dog caused an in- 
crease in release of 17-hydroxycorticoids in the adrenal vein (90, 92). Stimu- 
lation of the tuberal portion of the hypothalamus in the rhesus monkey led 
to a rise in the peripheral level of 17-hydroxycorticoids similar to that pro- 
duced by ACTH injection (193, 194). Finally, results consistent with an 
effect of stimulation on ACTH release in the rabbit appeared (116). 

Thus, the data on electrolytic destruction and pharmacological blockade 
of the hypothalamus, the results of stimulation experiments, and the studies 
indicating the lack of a functional nerve supply to the anterior pituitary all 
point to a neurohumoral link between the brain and the adenohypophysis. 
Furthermore, the anterior pituitary releases ACTH in tissue culture only 
when grown in the presence of hypothalamic tissue (108, 197). These facts 
have stimulated an intensive search for the isolation and identification of the 
presumed neurohumor. 

The suggestion that vasopressin might be this mediator has stimulated 
an immense amount of research and considerable controversy. The case for 
vasopressin was argued most recently by Martini (192) and by Casentini 
et al. (31). They observed that intraperitoneal administration of epinephrine, 
norepinephrine, acetylcholine, histamine, serotonin, pitressin, Pitocin, 
lysine-vasopressin, and synthetic oxytocin all produced ascorbic acid deple- 
tion in normal rats. In the doses used, none of these agents caused depletion 
when given 24 hr. after hypophysectomy. When injected directly into the 
graft in rats with the pituitary transplanted to the anterior chamber of the 
eye, only pitressin gave a positive response. In fluorohydrocortisone-treated 
rats, ascorbic acid depletion was absent after the injection of a variety of 
agents, but pitressin, Pitocin, and lysine-vasopressin gave a response. 
Finally, ascorbic acid depletion was observed after the intracarotid injection 
of pitressin in doses as small as 12 mU. Like all such experiments, these ob- 
servations raise the problem of the intrinsic ‘‘stress-producing’’ potency as 
well as the dose of the injected agent. The fact that the rise in glucocorticoid 
excretion produced by pitressin in the normal guinea pig can be at least 
partially blocked by morphine (282) is further evidence against a direct 
pituitary-stimulating action of pitressin. Furthermore, it is difficult to in- 
terpret results when concentrated vasoactive substances are placed on a 
piece of tissue. Indeed, it was claimed some years ago that injection of epi- 
nephrine directly into a pituitary graft in the anterior chamber of the eye led 
to ACTH release (203), a result directly contrary to that of Martini’s group. 

The claim that pitressin increased ‘‘pituitary-adrenal function”’ in dogs 
with section of the pituitary stalk (164) is of questionable significance in 
view of the direct effects of pitressin on the adrenal in the dog (see below). 
Removal of the posterior lobe of the pituitary produced severe diabetes 
insipidus and blocked the ascorbic acid response to some stresses, but the 
response to other stresses was normal (229). 

It is true that ventral hypothalamic lesions which inhibit ACTH release 
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also cause some destruction of the supraoptico-hypophyseal system in most 
species because the fibers from the supraoptic and paraventricular nuclei 
to the posterior lobe of the pituitary run through the median eminence. How- 
ever, in the dog complete blockage of the stress response can occur without 
diabetes insipidus and, conversely, animals with diabetes insipidus can show 
normal secretion of 17-hydroxycorticoids into the adrenal vein and normal 
blood ACTH levels after trauma (47, 95, 141). Similar results were reported 
in the rat (225, 278). 

In their review a year ago, Saffran & Saffran (262) summarized a number 
of experiments demonstrating dissociation between ACTH and vasopressin 
secretion in intact animals. More recent observations indicated that in the 
rat and dog, water-loading may not inhibit ACTH release (165, 226), but it is 
interesting that a decrease in plasma hydroxycorticoids occurs in water- 
loaded humans (117). 

On the other hand the injection of hypertonic sodium into the carotid 
arteries in dogs produced antidiuresis without a rise in peripheral corticoid 
levels (226). The dose of intracarotid lysine-vasopressin producing a blood 
corticoid response was approximately 1000 times the amount which produced 
antidiuresis when injected into the systemic circulation. Finally, after four 
days of hypertonic saline injections, the neurosecretory material in the rat 
hypothalamus and neurohypophysis was markedly depleted, while the CRF 
content was unchanged (78). 

De Wied & Mirsky (56) found that prednisolone-treated rats showed an 
inhibition of the ascorbic acid depletion normally produced by histamine 
and nicotine without any change in the magnitude or timing of the anti- 
diuresis produced by these stimuli. Furthermore, the minimum dose of 
pitressin producing ascorbic acid depletion was 2 to 20 times as great in the 
prednisolone-treated rats as it was in the normals, a result at variance with 
those of Casentini et al. (31) and McCann et al. (198). If vasopressin were 
the corticotropin-releasing neurohumor, De Wied & Mirsky’s results would 
point to the anterior pituitary as the site of glucocorticoid inhibition. On 
the other hand, their data are compatible with separate mechanisms regu- 
lating vasopressin release and ACTH secretion. 

Another important aspect of this problem is the fact that commercial 
pitressin and synthetic vasopressin in large doses have a direct action on the 
adrenal. This observation, originally made in Hume’s laboratory (141) has 
since been confirmed (124, 125, 255). Hume found a dual effect of vasopressin. 
In the hypophysectomized dog, it not only produced a release of hydroxy- 
corticoids from the adrenal, but it also potentiated the adrenal response to 
subsequent doses of ACTH. That these effects might be attributable in some 
way to activation of adenohypophyseal remnants was ruled out by the fact 
that vasopressin was active in previously lesion-blocked decapitate rats 
(255). It is interesting that other vasoactive materials will occasionally 
liberate hydroxycorticoids from the adrenal in hypophysectomized dogs when 
given in large and certainly unphysiological doses (141). An explanation for 
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this phenomenon is lacking. The data cited above (56) indicate that con- 
siderable release of endogenous vasopressin can occur in the glucocorticoid- 
blocked rat without appreciable adrenal activation, making a direct effect 
of endogenous vasopressin unlikely. On the other hand, this or some other 
compound might still play a physiological role in modifying the sensitivity 
of the adrenal to endogenous corticotropin. 

While evidence has been mounting against vasopressin as the hypothetical 
corticotropin-releasing factor, investigation of another polypeptide from the 
hypothalamus with the ability to stimulate ACTH release has proceeded 
rapidly. This material, named corticotropin-releasing factor (CRF) by 
Saffran, was isolated independently in Saffran’s and Guillemin’s laboratories. 
The current status of knowledge about the chemical and physiological prop- 
erties of this material has been the subject of a number of reviews (108, 260, 
261). The material has not been completely separated from other polypep- 
tides. It appears to be similar to oxytocin and vasopressin but not identical 
with either. A preparation of CRF which was active in vivo in doses of less 
than 1 myg. was postulated to contain the same amino acids as vasopressin 
and oxytocin, plus serine and histidine (272). Further details of the purifica- 
tion of this substance and its separation from lysine-vasopressin and oxytocin 
by chromatography on carboxymethylcellulose are available (271). 

A number of authors have questioned the specificity of Guillemin’s and 
Saffran’s methodology. Both laboratories depended heavily on results based 
on incubating their extracts with rat pituitaries in vitro, then testing for the 
presence of ACTH in the incubation medium (263). The possible meanings 
of a positive result in this system, as Fortier and Ward pointed out (85), are: 
(a) the added extract contains material which enhances ACTH release; (6) 
the added extract contains ACTH; (c) the added extract potentiates ACTH; 
and (d) the added extract inhibits the normal inactivation of ACTH pro- 
ceeding in the incubation medium. Saffran met each of these criticisms in a 
series of experiments and the interested reader is referred to his excellent re- 
view for details (261). On the other hand, this system is not entirely without 
faults and probably should be applied with caution to the bioassay of impure 
biological fluids. Thus, a good deal of ‘“‘CRF-like” activity was found in the 
peripheral plasma of rats (85) and there was no correlation between the 
amount present and the prior endocrine status of the animal. Saffran reported 
that both vasopressin and oxytocin have some corticotropin-releasing ac- 
tivity in the in vitro system. He postulates that CRF itself is closely related 
to these two substances and feels that it is not surprising that they “‘share 
certain biological activities” (261), since many other hormones in the body 
have actions in common. 

Another important aspect of the proof necessary to establish CRF as the 
hypothesized neurohumor is the demonstration that it acts in vivo in a suit- 
able assay animal. The definition of the term “suitable assay animal” is 
itself a knotty problem (270), but CRF has now been shown to be active in 
intact humans and dogs (108), morphine-plus-pentobarbital-blocked rats, 
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and rats with stereotaxically placed hypothalamic lesions (110). Testing 
CRF in vivo, Guillemin et al. (110) measured the plasma corticosterone re- 
sponse to ether 18 hr. after production of the lesions. Twenty-four hours 
postoperatively, any animal which failed to show a rise was injected with 
highly purified hypothalamic extract under pentobarbital anesthesia. It is 
interesting that the lower doses of extract used did not cause ascorbic acid 
depletion but did produce a significant increase in the plasma corticosterone 
level. 

Other important 7» vivo activities of CRF are its ability to deplete pitui- 
tary ACTH (247) and its action in increasing the incorporation of radioactive 
phosphorus into pituitary phospholipids (129). It has also been shown that 
adrenalectomy increases the RNA content (121) and the uptake of radio- 
active phosphorus by the anterior pituitary (184). A non-protein substance 
in hypothalamic extracts which increases the acid phosphatase activity of 
the pituitary was demonstrated and partially purified (33, 274). This extract 
also stimulates acid phosphatase activity in the kidney. Thus its physio- 
logical significance remains undetermined. The alkaline phosphatase activity 
of the rat pituitary was studied (162) and was found unchanged by the ad- 
ministration of DCA and cortisone, substances known to alter the secretion 
of ACTH. 

The corticotropin-releasing factor should be present in hypophyseal- 
portal and probably also in peripheral blood. The injection of raw serum from 
freshly hypophysectomized dogs was found to produce an elevation of plasma 
hydroxycorticoids when injected into the carotid artery of trained dogs with 
van Leersum loops (59). Intravenous administration produced a lesser re- 
sponse, and donor jugular vein blood was more active than peripheral. The 
ACTH-releasing activity in Cohn fraction IIIp of dog portal-hypophyseal 
blood was further purified and found to be partly dialyzable (239, 259). The 
material is not norepinephrine, epinephrine, histamine, or serotonin, ac- 
cording to Rumsfeld & Porter (259), because these substances were not active 
in their cortisol-blocked assay rats. Confirmation of their observations in 
animals with lesions is desirable. 

Recently, the same authors reported obtaining a substance (from beef 
brain by acetone extraction) different from vasopressin which will cause 
ascorbic acid depletion in the cortisol-blocked but not in the hypophysecto- 
mized rat (258). Leeman & Voelkel reported in abstract form (176) that a 
substance extracted from calf hypothalamus depletes adrenal ascorbic acid 
in the morphine-blocked rat. Royce & Sayers (256, 257) found that 48 hr. 
after a lesion of the median eminence, ascorbic acid depletion could be pro- 
duced by ACTH, vasopressin, and crude acetic acid extracts of beef hypo- 
thalamus. Their rats did not respond to epinephrine, ether, unilateral adre- 
nalectomy, glucagon, oxytocin, polymyxin-B, serotonin, acetylsalicylic acid, 
histamine, or cerebral cortex extracts. The activity in the hypothalamic 
extracts could be separated from vasopressin and ACTH. 

The pituitary-stimulating activity present in lipid extracts of the hypo- 
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thalamus was analyzed by De Wied (55). He prepared an extract of the 
hypothalamus by the standard techniques and showed that it depleted 
ascorbic acid in normal and pentobarbital-treated rats but not in hypophy- 
sectomized animals. However, pentobarbital-morphine and pentobarbital- 
chlorpromazine blockade abolished the response. Since chlorpromazine and 
morphine presumably block above the pituitary level, the data indicate that 
the lipid extract was not a true corticotropin-releasing factor. 

In summary, there is an impressive array of evidence to support the idea 
that a polypeptide neurohumor secreted by the hypothalamus and neuro- 
hypophysis activates the adenohypophysis to release ACTH. The proof 
is not as yet complete, and individual experiments can be criticized, but the 
consensus of the data clearly favors the existence of such a material. 

Activation of the hypothalamo-hypophyseal system.—Discussion of the 
physiological triggers which initiate ACTH secretion in the stressed animal 
revolves around three factors: the circulating level of epinephrine, afferent 
nervous impulses, and the circulating level of glucocorticoids. Epinephrine 
from the adrenal medulla was originally postulated by Long to be the agent 
responsible for activating the pituitary to secrete ACTH. The pros and cons 
of epinephrine as an initiator of pituitary-adrenal activity were critically 
reviewed by Rothballer in his excellent paper on catechol amines and the 
nervous system (253). They were also reviewed by Ganong (90) who added 
some additional data. Briefly, the pertinent observations are as follows: (a) 
in the rat, the response to most stresses is normal after removal of the adrenal 
medulla although epinephrine causes ascorbic acid depletion and elevates 
the blood ACTH; in the adrenalectomized rat, the blood ACTH rises dra- 
matically with stress; (b) in man, the infusion of epinephrine causes no rise in 
the peripheral hydroxycorticoid level, while in the unstressed dog, epineph- 
rine causes no change in the secretion of glucocorticoids in the adrenal vein. 
In addition, lesions of the hypothalamus which blocked the hydroxycorticoid 
response to surgical trauma did not appreciably affect epinephrine secretion 
in the dog (90). Stimulation of various points in the hypothalamus caused 
increased epinephrine secretion without any change in the adrenal venous 
output of hydroxycorticoids, and stimulation of various other points led to 
increased secretion of corticoids with no change in the secretion of adrenal 
medullary catechol amines (90, 92). Finally, although insulin hypoglycemia 
produced an increase in the secretion of both cortex and medulla in the dog, 
the rise in corticoid secretion preceded that of epinephrine (101). Therefore, 
it appears that neither endogenous nor exogenous epinephrine initiatesACTH 
release in the dog and that epinephrine secretion is not necessary for ACTH 
release in the rat, although large doses of exogenous epinephrine will serve as 
enough of a “‘stress’’ to activate the system. 

Another facet of the triggering problem is the role played by afferent 
nervous impulses. There are scattered observations in the older literature 
showing that peripheral nerve stimulation can lead to ACTH secretion. Ina 
dog with a cervical spinal cord section, Hume (141) found that the output of 
hydroxycorticoids following trauma was subnormal for 30 min. In contrast, 
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normal dogs responded to the same stimulus with a sustained rise in hydroxy- 
corticoid secretion, starting in 1 to 2 min. Humans with complete cervical 
cord transection failed to respond to operations below the level of the tran- 
section, although their adrenals remained responsive to ACTH (141). Uri- 
nary 17-ketogenic steroid excretion was low in patients with low cervical or 
high thoracic spinal cord transection but normal in cases with transection in 
the lower thoracic or lumbar regions (245). These findings suggest that a 
tonic bombardment of the hypothalamus by stimuli from the peripheral 
receptors helps to maintain “‘basal’’ ACTH secretion. Royce & Sayers came 
to a similar conclusion regarding the rat (254). 

With the recent discovery of the role of the reticular activating system 
in the maintenance of the activity of the brain, it is not surprising that this 
system should be invoked as a pathway for impulses causing ACTH secre- 
tion. Feldman et al. (70) presented evidence for both lemniscal and reticular 
afferent transmission to the hypothalamus following sciatic nerve stimula- 
tion. Harris (115) reviewed the effect of afferent nervous activity on various 
endocrine phenomena and concluded that the reticular pathways are im- 
portant. However, there is a dearth of direct experimental proof for the role 
of this system in corticotropin release. The experiments of Anderson and 
her co-workers and of Sayers on the effects of decerebration on ACTH secre- 
tion were reviewed last year (262). More recently, decerebration was found 
to block the rise in the blood ACTH level produced by ether in adrenalec- 
tomized rats (254); and in the monkey, stimulation of the region above the 
mammillary body where reticular fibers are plentiful produced a rise in 
circulating hydroxycorticoids (193). However, these studies leave unan- 
swered the question of whether or not decerebration inhibits activity by 
interrupting ascending afferent impulses or by the interruption of a hypo- 
thalamus-activating system. This latter concept, based on the beautiful 
anatomical studies uf Nauta (218, 219), needs further experimental verifica- 
tion. 

The possible role of afferent input from the limbic system in initiating 
ACTH release was considered by Sayers et al., who reviewed the pertinent 
anatomy (270). More recently, Mason (194, 195) found that acute stimula- 
tion of the amygdaloid nucleus led to a prompt, though moderate, rise in 
plasma 17-hydroxycorticoid levels in the monkey. In one animal, stimula- 
tion of the hippocampus had no effect on hydroxycorticoid levels, but when 
this stimulation was followed within 48 hr. by stimulation of the amygdaloid 
nucleus, the latter procedure no longer elevated the circulating corticoids. 
Mason also observed that bilateral section of the fornix in some instances 
led to an absence of the diurnal variation in peripheral corticoid levels (194). 
These experiments suggest a close and complex relation of limbic structures 
to ACTH release, with some areas inhibiting and others stimulating secre- 
tion. 

It is well established that a high level of circulating glucocorticoids in- 
hibits pituitary release of ACTH. Inhibition is proportional to the dose of 
steroid in the unstressed animal (236). The end of a course of corticoid 
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therapy is marked not only by adrenal atrophy but by a period of unrespon- 
siveness to ACTH (20, 120, 305). The response to injected ACTH usually 
returns in about four to seven days, but abnormalities of ACTH secretion 
are also present. In the rat, cortisol treatment was associated with an increase 
in pituitary ACTH for one day, then with a slow, steady decline to negligible 
values in fifty-five days (81). Rats treated with cortisone for seven days 
showed a 75 per cent decline in pituitary ACTH content when the therapy 
was stopped, values reaching a low point in four days (133). Stressing such 
animals led to very little further decline in ACTH content. Administration of 
ACTH either during or after cortisone treatment had only a slight ameliorat- 
ing effect on the depleted ACTH stores and diminished stress response (133). 
From these observations, it appears that glucocorticoids not only inhibit 
ACTH release but also depress synthesis of the hormone. The latter effect 
persists for some time after stopping treatment. 

It is also true that unilateral and bilateral adrenalectomy lead to an in- 
crease in ACTH secretion. On this basis, it has commonly been stated that a 
feedback operates on the pituitary or hypothalamus or both, a fall in steroid 
level increasing ACTH output, and an elevation of this level inhibiting it. 
This simple mechanism is no longer accepted as the only factor in the re- 
sponse to stress. No acute drop in blood corticoids has been demonstrated, 
and Sayers’ postulate of increased removal of biologically active steroids 
from the blood stream during stress has been disproved. Indeed, there is 
actually a decrease in removal rate (90), a fact that has been confirmed again 
recently (61). On the other hand, the feedback mechanism is still widely 
invoked to explain a variety of phenomena. 

It is now possible to reconstruct in detail the changes in the pituitary and 
plasma levels of ACTH as well as the plasma corticosterone levels in the rat 
following bilateral adrenalectomy. The data of a number of investigators are 
summarized in Figure 1. The units are different in the different papers, but 
at least a rough quantitative correlation seems possible. Gemzell et al. (99) 
etherized their animals before killing them, and ether stress causes a prompt 
rise in the blood ACTH in adrenalectomized animals (127, 254). Therefore, 
the curve of Gemzell’s data approximates the blood ACTH values for acutely 
stressed adrenalectomized animals, while that of Hodges & Vernikos (127) 
gives the values in unstressed adrenalectomized rats. The acute rise with the 
stress of adrenalectomy is very prompt. It is possible to detect ACTH in the 
plasma one minute after the start of the procedure (127). The rise peaks at 
2.5 min., and within 20 min. the level is nearly down to control values. This 
initial burst of ACTH secretion is seen in identical form after sham adrenal- 
ectomy and hence is apparently uninfluenced by the circulating corticoid 
level. The subsequent decline in blood ACTH is marked for at least 24 hr., 
and according to Hodges and Vernikos detectable plasma levels of ACTH 
are not present again until the tenth postoperative day, although additional 
stress on the fifth postoperative day leads to the prompt appearance of ap- 
preciable blood ACTH. 

These data obviously raise some important questions about the feedback 

















ADENOHYPOPHYSIS AND ADRENAL CORTEX 


200 
160 
Pituitary 120 FORTIER 
ACTH Mu/Mg. 80 
80° 40 
piTUITARY 60} of Y 
ACTH Mu/Mg. 40 r APPROX. bog P 
20 Ayp—+ PLASMA - 
oF ACTH Mu% 10 veanenoe, 
APPROX. 29 ° 


PLASMA h.. 
ACTH Mu% ‘Oh... PLASMA | 

5 i aati ia ins ACTH (Mg% 20 enonis 
PLASMA 30r ASCORBIC ACID 10 
ACTH (Mg% 20 DEPLETION) o 
ASCORBIC ACID 10|- 250 
DEPLETION) ol 20of 











PLASMA % 180 
PLASMA 90° ACTH mg 
ACTH mg% 60 STRESSED 100 oEmzele 
STRESSED 30) RATS 50 
RATS ° ° 
10 PLASMA 10 

—= 5 5 L_ CORTICO- s FORTIER 
STERONE wig% oe — STERONE “1g% s| 

=e ee aE Ee aS ohhh, SLY S/—_ t rt 4. Deoteadinndial == £ ahlendiend 

o 24 6 8 0 12 24 o 24 6 8 0 i2 @ 6 

TIME -HOURS TIME - DAYS 
A. 8. 


Fic. 1. Changes in pituitary and adrenal secretion in adrenalectomized rats. From 
Fortier (80); Cox et al. (43); Brodish & Long (25); Gemzell et al. (99); and Hodges & 
Vernikos (127). 


response to a drop in the blood corticoid level. By 4 hr. after the adrenal- 
ectomy, the circulating corticoid level is zero; yet then, and for at least a day 
thereafter, blood ACTH is undetectable. The pituitary is depleted of ACTH 
at this time and it might be argued that there is insufficient ACTH to be 
secreted into the blood stream. However, Gemzell’s data indicate that ether 
stress will cause ACTH secretion throughout this period. Another possible 
explanation is that there is a small rise in blood ACTH which is not detectable 
by the methods used. Against this interpretation are Brodish & Long’s data 
(25) that the ACTH level during the 3 to 24 hr. period after adrenalectomy 
was lower than it was in the normal controls. A final possible explanation 
could be an active hypothalamic inhibition of ACTH secretion in this situa- 
tion. Such a mechanism has been postulated in other experimental situations 
(160) but could not be of much importance ‘here since ether stress causes 
ACTH secretion during this period. 

The absence of an inverse relationship between blood ACTH and gluco- 
corticoids is also striking after unilateral adrenalectomy. This procedure was 
associated with a slight rise in blood ACTH during the first hour after opera- 
tion, followed by a fall below control values (25) for the next 12 hr. Plasma 
corticosterone levels in rats subjected to unilateral adrenalectomy and enu- 
cleation of the opposite gland fell to low values for 4 to 24 hr., then rose above 
control levels (83). The pituitary ACTH curve during this period was similar 
to that following bilateral adrenalectomy (83). 

It seems clear, therefore, that the ACTH-releasing effect of a decline 
in circulating glucocorticoid, if it exists at all, is not the prompt dramatic 
type of response so often invoked by various investigators as a mechanism 
of importance in day-to-day regulation of ACTH secretion. 
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In the dog, compensatory hypertrophy of the remaining adrenal after 
unilateral adrenalectomy is prevented by lesions in the median eminence of 
the hypothalamus (93). This observation has been confirmed in the rat (11, 
198, 281). Smelik et al. (281) also showed that the results were not attribut- 
able to pituitary damage, since stalk lesions did not block the response. 
McCann et al. (198) also found a blockade of compensatory hypertrophy; 
but in animals in which there was severe diabetes insipidus, the blockade was 
incomplete. 

Animals with hypothalamic lesions in which blockade of compensatory 
hypertrophy is present show a normal response to the converse experiment, 
the production of ‘‘compensatory atrophy” by the chronic administration 
of cortisol (90). This observation has been confirmed (198, 295). Szentagothai 
(295) noted some differences in lipid distribution in cortisone-treated rats 
with lesions, but the decline in adrenal weight was the same as that found in 
normal rats. McCann et al. (198) noted that it took less cortisol to produce 
adrenal atrophy in animals with lesions and mild diabetes insipidus, but 
severely polyuric animals required a greater than normal dose. He argued 
that rats with severe diabetes insipidus can respond to “‘chronic but not to 
acute stress”, and postulated two mechanisms regulating ACTH secretion. 
D’Angelo (48) reached a somewhat similar conclusion. However, these re- 
sults could be explained equally well by partial lesions producing supraoptico- 
hypophyseal disruption but incompletely destroying the ACTH-regulating 
centers. 

In summary, lesions of the median eminence of the hypothalamus block 
the acute release of ACTH in response to stress and prevent the appearance 
of hypertrophy of the remaining adrenal after unilateral adrenalectomy. 
They also prevent the increase in blood ACTH seen two weeks after bilateral 
adrenalectomy (199), but they do not affect the ‘“‘compensatory atrophy” 
of chronic steroid administration. Therefore, if a feedback is operative in 
regulating ACTH secretion, there must be separate mechanisms for the ac- 
tion of a high and a low corticoid level. Such an arrangement is possible, but 
in view of the lack of a clear inverse relationship between blood corticoid and 
ACTH levels after removal of one or both adrenals, it is probable that other 
factors are largely and perhaps solely responsible for the changes in ACTH 
secretion induced by procedures which lower blood corticoids. 

Effects of other hormones on ACTH release—Another topic which has 
received considerable attention is the influence of other endocrine products 
on ACTH release. Compensatory hypertrophy was shown to be diminished 
in animals with thyroid deficiency (135), a finding which may be explained 
by the fact that propylthiouracil treatment causes adrenal atrophy and a 
marked decline in pituitary ACTH (175). Conversely, thyroxine and tri- 
iodothyronine treatment prevented compensatory adrenal atrophy (168). 
There is also evidence for a direct effect of thyroid derivatives on the adrenal 
cortex in vitro (246). 

It has been claimed that estrogens have three actions on the pituitary- 
adrenal system in the rat: (a) stimulation of ACTH secretion, (b) potentia- 
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tion of the action of ACTH on the adrenal, and (c) a stimulating effect on 
the hepatic inactivation of 17-hydroxycorticoids. Gompertz (103) concluded 
that estrogens stimulate the secretion of ACTH and enhance the action of 
ACTH on the rat adrenal. He reviews the data of others showing that the 
adrenal in the female is normally larger than that in the male, that castration 
abolishes this difference, and that administration of the appropriate gonadal 
hormone restores the difference. He also cites data showing that estrogens 
increase the weight response to exogenous ACTH in the hypophysectomized 
rat. Gompertz & Mandl (104) found that estrogen did not affect adrenal size 
in prepuberally castrated female rats, whereas in the postpuberally castrated 
female, estrogen caused adrenal enlargement. These investigators conclude 
that some change occurs at puberty which conditions the adrenal to the action 
of estrogen. Effects of estrogen on protein binding of corticoids in the human 
are discussed below. 

Another hypothesis about the difference in adrenal weight between the 
two sexes in the rat was advanced by Yates and his associates (302, 316, 317). 
They pointed out that the level of A‘-3-ketosteroid hydrogenase activity in 
the liver of the rat is positively cdrrelated with adrenal size. The correlation 
is not caused by an action of adrenal hormones on the liver (302), so Yates 
et al. suggest that it is the liver which, by controlling the biological half life 
and hence the blood level of the active glucocorticoid hormones, is regulating 
ACTH secretion. Obviously such a mechanism is not operative in acute 
stress because stress leads to a decrease in steroid inactivation: (90) and a 
marked increase in ACTH secretion. Whether or not this mechanism is in- 
volved in long-term changes in adrenal weight in unstressed animals remains 
to be determined. Certainly the data presented by Gompertz (103, 104) can- 
not be explained on this basis. Another note of caution must be injected in 
view of the demonstrated difficulties with the feedback hypothesis as far as 
stimulation of ACTH secretion by a fall in corticoid level is concerned. 

Testosterone may or may not depress ACTH release (30, 139). It has 
been indirectly implicated in explaining the adrenal weight-maintaining 
effect of pregnancy plasma. Lanman & Dinerstein (172) found that human 
pregnancy plasma partially maintained adrenal weight in hypophysectomized 
rats only if the rats’ testes were present. Chorionic gonadotropin and sheep 
interstitial cell-stimulating hormone had similar properties, and testosterone 
had an adrenal weight-maintaining effect in the hypophysectomized-castrate 
rat. These data strongly suggest that the ‘‘adrenal weight factor” in human 
pregnancy plasma is a gonadotropin. 

In addition to the depressing effect of 17-hydroxycorticoids on ACTH 
secretion, there is evidence that a high blood level of ACTH itself may in- 
hibit adenohypophyseal secretion of corticotropin. Hodges & Vernikos (127) 
found a progressive decrement with time in the magnitude of the blood 
ACTH rise with ether stress in adrenalectomized rats. This suggested to them 
that a high resting blood ACTH level diminished pituitary response to stress. 
Kitay et al. (158, 159) found that after 7 days of ACTH treatment in 
adrenalectomized rats, pituitary ACTH content was 92 per cent above that 
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of saline controls. If such ACTH-treated rats were then scalded, there was a 
22 per cent rise in pituitary ACTH with stress compared to a 39 per cent drop 
in the controls. In normal rats, 2 hr. after the end of a 3-day period of ACTH 
treatment, ether stress produced no fall in adrenal ascorbic acid. The treated 
animals were normally responsive to injected ACTH. Kitay et al. postulated 
an inhibitory action of plasma ACTH on endogenous release of corticotropin. 
The level at which corticotropin may be feeding back in these experiments is 
unknown. It would be interesting to know the CRF content of the hypo- 
thalamus in adrenalectomized animals with and without ACTH treatment, 
as well as that in hypophysectomized animals and in stressed intact animals. 

An enzyme present in the euglobulin fraction of blood is capable of 
breaking down ACTH, and this enzyme may be activated by stress (212). 
On the other hand, the presence of the adrenals has little apparent effect on 
the half life of ACTH (127). Adrenal protease does not inactivate ACTH, 
in contrast to trypsin and pepsin (296). In the present state of our knowledge, 
however, we can only state that variations in the metabolism and excretion 
of ACTH may occur and produce variation in the adrenocortical response. 

Neural inhibition.—In addition to the modulating action of 17-hydroxy- 
corticoid feedback and the proposed inhibiting effects of a high level of blood 
ACTH on corticotropin release, there are a number of observations suggest- 
ing that there may be a direct neural inhibition of ACTH release. Experi- 
ments reporting an increased corticoid secretion in stressed animals with 
brain lesions (279) must be interpreted with caution. The normal adrenal 
has a maximum steroid output which is regularly reached promptly in 
stressed animals; hypertrophy of the gland raises this ceiling on output (94). 
If a non-specific lesion caused adrenal hypertrophy, the steroid output with 
subsequent stress would be higher than ‘‘normal”’ on this basis alone. 

On the other hand, the previously cited experiments of Mason (194) 
argue for an inhibitory effect of hippocampal stimulation on ACTH release. 
Likewise, the results of Knigge et al. (160) are consistent with some sort of 
inhibitory mechanism. They found that the initial rise in adrenal vein corti- 
costerone secretion after scalding or immobilization in the rat dropped off to 
a fraction of the previous output in 4 to 12 hr., only to rise again to high 
levels. At the time of the low output, the adrenal was responsive to ACTH 
and there was a high content of corticotropin in the pituitary. The admin- 
istration of reserpine or the placement of a ventral hypothalamic lesion 2 hr. 
after stress blocked the decline in steroid excretion, so that the diphasic re- 
sponse was replaced by a prolonged high level of secretion. One wonders 
what other stresses applied at this time would do, but the results could be 
explained by some sort of neural inhibitory mechanism which can itself be 
inhibited by reserpine or electrolytic destruction. Further exploration of this 
concept is indicated. 

“Types of stress’ —Some idea of the immensely variegated nature of the 
stimuli capable of activating the hypothalamo-adenohypophyseal system 
is gained by simply listing the agents reported during the past year to stimu- 
late adrenocortical secretion. They include: benzene intoxication (143), 
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faradic stimulation (84), electric shock therapy (153), moving an animal into 
an unfamiliar room (76), “‘nervous traumatism’”’ (7), insulin hypoglycemia 
(14), crowding animals in a cage (34), estrogen therapy (38), flying airplanes 
(113), hypoxia (130), the injection of bacterial products (150) including 
Piromen (310), anxiety induced under hypnosis (238), certain flavonoids (196), 
tumbling in a drum (205), serotonin (71), lysergic acid diethylamide (69), 
morphine (293), and cruel and vicious moving pictures (307). Probably there 
are many pathways by which these various stresses can activate the hypo- 
thalamus and the pituitary. It is also obvious that generalization from the 
results of one particular stress in one particular animal species is difficult and 
should be done only with caution. 

In the past, there has been considerable speculation about broad cate- 
gories of stress based on the known factors involved in ACTH secretion. 
Division of stresses by Fortier and Harris into ‘“‘neurogenic” stimuli which 
act through the hypothalamus and “‘systemic”’ stimuli which act directly on 
the pituitary has been criticized, largely because of the fact that hypotha- 
lamic lesions block not only the response to emotional stress but also the 
response to operative trauma and insulin hypoglycemia (90). The work of 
Mialhe-Voloss (207) has led to a new version of this theory. She found ap- 
preciable quantities of ACTH in the posterior pituitary in the rat and guinea 
pig. A loud sound depleted posterior lobe ACTH without affecting the ante- 
rior lobe content, while histamine produced the reverse picture. Rochefort 
et al. (247) confirmed this observation in the rat. They also found that cold 
depleted anterior, but not posterior lobe ACTH and that corticotropin-re- 
leasing factor produced a marked depletion of anterior lobe ACTH with only 
a slight and delayed depletion of the posterior lobe content. On the basis of 
these findings, it was suggested that posterior lobe ACTH is secreted in re- 
sponse to nervous activity, presumably activation of the supraoptico-hypo- 
physeal system, while ‘‘systemic’’ or ‘‘metabolic”’ stimuli cause the release 
of pituitary CRF, which activates principally the adenohypophysis. How- 
ever, Nowell (229) found that in posterior-lobectomized rats, exposure to 
cold and the injection of hypertonic saline failed to produce ascorbic acid 
depletion, while ringing a bell—the same stimulus that Rochefort e¢ al. used— 
ied to a normal ascorbic acid depletion. Reserpine treatment produced the 
opposite result, that is, a blockade of the response to bell ringing with per- 
sistence of normal ascorbic acid depletion following exposure to cold and 
hypertonic saline. There is therefore some uncertainty about the physiologi- 
cal significance of the ACTH found in the posterior lobe. 

It would be manifestly impossible to try the effect of each newly dis- 
covered stress in animals with median eminence lesions. However, it is inter- 
esting that lesions in the hypothalamus have been reported to block adeno- 
hypophyseal secretion of ACTH in response to stimuli as diverse as immobi- 
lization, surgical trauma, insulin hypoglycemia, histamine, epinephrine, 
norepinephrine, unilateral adrenalectomy, and bilateral adrenalectomy. On 
the other hand, there is to our knowledge no stress which has been proved to 
act directly on the pituitary in the presence of a lesion of the median emi- 
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nence. Therefore, it seems fair to advance the working hypothesis that all 
stresses act through the nervous system and that the ventral hypothalamus 
is a funnel or ‘“‘final common path”’ to the adenohypophysis. 

Fluctuations in response.—The activity of the adrenal cortex, like that of 
other organs (112), undergoes a regular diurnal fluctuation, with a spurt in 
corticoid output in the very early morning hours and declining activity 
through the day. Flink & Doe (73) studied steroid excretion in an individual 
who flew from Minneapolis to Korea. They found that his diurnal pattern 
correlated to Minnesota time for several days and then gradually adjusted to 
Korean time over a period of nine days. Blindness does not affect the diurnal 
rhythm, but a complete inversion of day and night activity eventually led to 
an inversion of the steroid rhythm in medical student volunteers (235), as 
well as an inversion of temperature and blood iron cycles. The biologic half 
life of cortisol remained constant throughout the day. The adrenal was 
slightly less sensitive to ACTH during the night although this variation in 
sensitivity was inadequate to explain the diurnal variation. In patients with 
alterations in consciousness or periods of delirium and restlessness the diurnal 
variation disappeared. The absence of a normal diurnal rhythm in patients 
with severe brain damage and prolonged coma was also reported (60). These 
findings supplement the animal experiments of Mason which demonstrated 
a change in the diurnal rhythm after bilateral section of the fornix (194). 
Non-neural influences can modify the diurnal rhythm (155, 230, 233) but 
the available evidence points to the nervous system as the site of the bio- 
logical regulator primarily responsible for the fluctuations. 

There may be a seasonal fluctuation of adrenal activity superimposed 
on the diurnal variation. There is suggestive evidence in humans that adre- 
nal responsiveness to ACTH is less in the winter than it is in summer (74), 
and the zona fasciculata is wider and its nuclei more densely packed in the 
adrenal cortex of women during the summer than during the winter (189). 
However, 17-ketogenic steroid excretion in sheep is higher in winter than it 
is in the summer (244). 

An increasing number of reports suggest that the response of the organ- 
ism to some stresses may be in some way conditioned or adapted so that 
repeated applications of the same stress produce different responses. The 
experiments of Nicholls, Molloy and their associates (213, 227) are particu- 
larly interesting. These investigators used the radioactive phosphorus 
uptake of the adrenal as a measure of its activity. They found that when 
rats were exposed to a temperature of 3°C. before they were exposed to more 
severe cold, they showed less adrenal activation and survived better than 
control animals. On the other hand, the adrenal response of the animals ex- 
posed to 3°C. was the same as that of normal controls after the administra- 
tion of ACTH, pitressin, and epinephrine. Thus, pre-exposure to cold di- 
minished adrenal responsiveness to a greater degree of cold without changing 
reactivity to other stimuli. The authors speculate that this change must be 
caused by decreased sensitivity of either the cold receptors or the pathways 
to the hypothalamus. It would be interesting to see these results confirmed 
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using some more generally accepted criteria of adrenal activation, and pos- 
sibly also including measurement of pituitary ACTH changes. It has also 
been observed (166) that the eosinopenic response induced by exposure to 
high altitude tended to disappear with repeated exposure, ‘‘adaptation”’ 
occurring more rapidly in the female. Similarly, after the first exposure, rats 
showed relatively slight decreases in thymus weight when tumbled in the 
Noble-Collip drum (138). This may have been partly an end-organ phe- 
nomenon because the administration of cortisone to these resistant animals 
produced less thymolysis than it did in control animals. On the other hand, 
the stress of a sterile abscess caused only slightly less atrophy of the thymus 
in resistant rats than it did in the controls. Gellhorn (98) has published 
evidence which he interprets as indicating that the reactivity of the sym- 
pathetic portion of the hypothalamus can vary with the state of muscle 
relaxation. The pertinency, if any, of this type of observation to variations 
in pituitary adrenal responsiveness remains to be determined. 

Another group of experiments relates pituitary-adrenal function to 
environmental factors shortly after birth. It has been known for some time 
that the reactivity of the hypothalamo-adenohypophyseal system is di- 
minished or absent at birth in rats, normal responses developing in the post- 
natal period. Levine & Lewis (177) have shown that if rats are handled when 
they are 2 to 5 days of age, they show a normal ascorbic acid depletion re- 
sponse to cold at 14 days of age. Control animals and animals handled at the 
age of 6 to 9 and 13 days failed to react. The authors relate this to the grow- 
ing literature which indicates that a period of gentle handling in infancy 
leads to better learning behavior, more ‘‘emotional stability’, and other 
beneficial effects in adulthood. The adrenal gland must be present if han- 
dling in infancy is to have the observed beneficial effects on food utilization, 
maze learning ability, and resistance to thiourea toxicity seen in handled 
adult rats (63). It is impossible to say whether or not these findings have any 
relation to human mental disease. Results obtained in the search for pri- 
mary abnormalities of adrenocortical function in psychiatric patients re- 
main largely negative (126). 


GLUCOCORTICOID METABOLISM 


Extrahepatic degradation of cortisol has been studied in eviscerated 
rats (18). Tetrahydro derivatives were not formed and there was no glu- 
curonic acid conjugation, but a surprisingly rapid metabolism did occur. 
Only a limited amount of degradation of cortisol occurred in the dog heart- 
lung preparation (300); but the 208-hydroxy derivative of cortisol was 
found, a transformation product which is receiving increasing attention. 
The occurrence of both 20a- and 208-OH derivatives of cortisol in the urine 
has been confirmed (243), and Southcott et al. (284) isolated 20a-dihydro- 
corticosterone in the urine of patients treated with corticosterone. The isola- 
tion of the C-20 alcohol of cortisol from human adrenal incubates (298) 
suggests it may be produced there. The isolation of the 2a-hydroxy and 
68-hydroxy derivatives of cortisol from the urine of guinea pigs (216) en- 
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larges further the number of ring substitutions occurring naturally. The 
biological role of these compounds remains unsettled. 

Presence of a steroid-like product in the urine after eating citrus fruits 
(132) should introduce a note of caution when considering urinary corticoids 
on uncontrolled diets. The observation that the cupric ion destroys corti- 
sone and related steroids (178) calls for re-evaluation of some recovery 
studies. Contamination of laboratory glassware by small amounts of this 
ion can be prevented by the use of ethylenediaminetetraacetic acid. 

The effect of age on metabolism of corticoids has received further atten- 
tion. Romanoff et al. (249) demonstrated a constant ratio of free urinary 
metabolites in 8 men and women of different ages, viz., 50 per cent tetra- 
hydrocortisone, 30 per cent tetrahydrocortisol, 20 per cent 3a-allotetrahy- 
drocortisol. Spontaneous occurrence of tetrahydro metabolites of corticos- 
terone has also been reported (297). A difference between adults and children 
in the metabolism of 11-deoxycortisol was demonstrated (23). More of the 
C-20 alcohol was produced by adults, and those approaching puberty 
transformed more of the compound into 17-ketosteroids. This might be a 
factor in the sudden rise of 17-ketosteroids in children at the time of puberty. 
The removal rate of cortisol changes with age (24). The half life in the 
plasma was shown to be 977 min. on the first day of life, 175 min. at age 3 
to 9 days, and approximately the adult value at 1 yr. 

Protein binding of cortisol and corticosterone has been established as a 
function of a specific a-globulin which Slaunwhite & Sandberg (277) named 
transcortin. It was elevated in pregnancy, a condition associated with up 
to fourfold increases in serum 17-hydroxycorticoid concentrations and a 
prolonged half life of cortisol during the third trimester without any evi- 
dence of hyperadrenocorticism (37, 41). This and the fact that the rise in 
plasma 17-hydroxycorticoids during estrogen administration is associated 
with increased transcortin binding (267) have led to the concept that estro- 
gens increase the hepatic production of transcortin. If the assumption that 
bound hormone is biologically inactive proves correct, possibly the increased 
cortisol secretion is compensatory. At any rate, since the commonly used 
methods measure both bound and unbound free hormone, it is evident that 
plasma levels of 17-hydroxycorticoids can no longer be considered as the 
exclusive criterion for biological activity of corticoids. 

Hepatic enzyme systems which inactivate corticoids by reduction of 
the unsaturated 4-5 position in the A ring of the steroid, with TPNH acting 
as the coenzyme, have been extensively studied (142). Side chain reduction 
also occurs, a process which is stimulated by androgens and inhibited by 
estrogens (301). On the other hand, ring A reducing ability is three to four 
times as great in the female rat as compared to the male (75, 316). Forchielli 
et al. (75) found that female rat liver has only the 4-5a-hydrogenase while 
male liver has both a 4-5a- and 6-hydrogenase. Multiple enzymes are in- 
volved in A ring reduction (201). A correlation between ring A degrading 
activity and thyroid function was also reported (200, 202, 317). Treatment 
with tri-iodothyronine for 3 days increased the activity by increasing sup- 
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plies of TPNH; after 16 days of treatment, an adaptive increase in the en- 
zymes occurred. Associated with this increase, there is an increased produc- 
tion of 5a-hydroxycorticoids, but not in 58-derivatives. A variety of sub- 
stances inhibit steroid reduction in vitro (169). The claim by Yates and his 
associates (302, 316, 317) that it is the level of ring A reducing activity in the 
liver which controls ACTH secretion has been discussed above. 


ADRENAL ANDROGENS AND ESTROGENS 


Secretion of adrenal androgens and estrogens is increased by ACTH 
(122, 268) and not by chorionic gonadotropin. The conclusion that the de- 
crease in 17-ketosteroid excretion with age is caused by a decline in the 
testicular rather than the adrenal component was supported by the observa- 
tion of a constant 11-oxyketosteroid (adrenal) excretion in the face of a fall- 
ing 11-deoxyketosteroid (testicular) level (27). According to Deanesly (54), 
the X zone of the adrenal regresses in the mouse because of androgen secre- 
tion. She based this conclusion on the fact that ACTH and chorionic gonado- 
tropin hastened its regression, that castration caused its reappearance in 
older animals, and that androgen treatment made it disappear. The 17- 
ketosteroids in guinea pig urine are in the form of easily hydrolyzable sulfates, 
much like those in man (288). The demonstration of a thermogenic effect of 
etiocholanolone, a major metabolite of adrenocortical and testicular hor- 
mones (154), may explain the reported occurrence of periodic febrile episodes 
in a boy with an androgenic adrenal tumor and a high titer of etiocholanolone 
(97). The synthetic potential of the adrenal cortex with regard to estrogens 
is again emphasized by the demonstration by Keller et al. (156) that they are 
present in high titer in the case of a virilizing adrenal adenoma. 


REGULATION OF ALDOSTERONE SECRETION 


The evidence continues to mount that the zona glomerulosa of the adre- 
nal cortex responds to different stimuli from those affecting the zona fascicu- 
lata and reticularis. The observation that the glomerulosa does not atrophy 
after hypophysectomy has been confirmed in humans by Jessiman (147), 
although he does not state how long postoperatively his patients died. On 
the other hand, some patients with long-standing hypopituitarism show 
abnormalities of aldosterone secretion and are unable to withstand salt re- 
striction (182, 188). This suggests that in the human, as in the dog, signifi- 
cant atrophy of the glomerulosa may eventually occur after hypophysec- 
tomy. Cortisol therapy in the rat decreased the DNA content of the zona 
fasciculata without any effect on the glomerulosa, while deoxycorticosterone 
caused a decrease in the DNA content in both zones (248). In the mouse 
adrenal, the content of aliesterase in the glomerulosa changed with varia- 
tions in salt intake while that in the fasciculata changed with ACTH treat- 
ment (2). The aliesterase content was low in the embryo, beginning to ap- 
pear at birth, and present in the adult pattern in the fasciculata by the 
fourteenth day of life; however, it was not until the fourteenth to twenty- 
eighth day of life that normal content was present in the glomerulosa. This 
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suggested that the fasciculata is functionally mature in the first and second 
weeks of life, while maturation of the glomerulosa is delayed until the second 
to fourth week. These findings must be tempered by the fact that the physio- 
logical role of aliesterase is as yet unknown. Preferential lipid depletion of 
the zona glomerulosa occurred in rats treated with 9a-fluorohydrocortisone 
(309). 

Miller studied the nuclear and nucleolar hypertrophy in the zona glomer- 
ulosa of rats after enucleation of the adrenal (209). This procedure produced 
no change in the glomerulosa of the opposite, intact gland. Hypophysectomy 
markedly decreased the hypertrophy in the demedullated adrenal while 
ACTH augmented it only slightly. He drew the interesting conclusion that 
ACTH and some other pituitary factor are necessary for these hypertrophic 
changes in the glomerulosa. Another histological finding which would sup- 
port the idea of at least some action of ACTH on the zona glomerulosa is the 
demonstration of lipid depletion in both the fasciculata and glomerulosa of 
formalin-treated rats (123). 

Direct evidence that the glomerulosa makes aldosterone has now been 
provided by in vitro incubation studies. Stachenko & Giroud (286, 287) 
incubated beef zona glomerulosa and inner cortex separately. Both parts of 
the adrenal produced cortisol, but only the glomerulosa produced aldoster- 
one. By adding a variety of steroid substrates to these preparations, the 
authors concluded that 18-oxygenation and 17-hydroxylation were functions 
solely of the glomerulosa and the fasciculata respectively, while 38-dehy- 
drogenase and 11- and 21-hydroxylases were present in both zones. Others 
report similar results (10, 299). The only available in vivo data is that of 
Brogi & Pellegrino (26). They measured the aldosterone and corticosterone 
in rat adrenal venous blood at various time intervals after adrenal enuclea- 
tion. They found both hormones were secreted but, interestingly, the aldos- 
terone to corticosterone ratio was never as high as it was in controls. 

Stachenko & Giroud found that addition of corticotropin peptide prepa- 
rations to the fasciculata-reticularis caused an increase in cortisol production 
(286, 287). In one experiment, ACTH produced a 100 per cent increase in 
aldosterone production, but this finding was not reproducible and ACTH 
had in general no effect on aldosterone production from a variety of precur- 
sors. These findings are somewhat at variance with those of others (208, 214) 
who found that addition of ACTH to the medium in which rat adrenals were 
incubating led to an increase in the production of both corticosterone and 
aldosterone. 

What stimulates the zona glomerulosa to secrete aldosterone? The ob- 
servation that there is no direct nervous control of the glomerulosa has been 
confirmed in sheep (204). It is possible that the aldosterone-stimulating 
effect of a high potassium intake (210) could arise from a direct effect on the 
gland, but the actions of other stimuli are difficult to envision except in terms 
of a circulating aldosterone-stimulating substance. There is evidence that 
such a factor exists. A protein fraction in human urine which stimulated 
production of aldosterone by the rat adrenal im vitro has been described 
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(214). Two other reports suggesting the presence of an aldosterone-stimulat- 
ing factor in blood and urine have appeared in abstract form (232, 315). 
Rosenkrantz (250) observed increased production of a steroid which may 
have been aldosterone by rat adrenals in vitro after the addition of serotonin. 
However, an aldosterone-stimulating role for this substance seems unlikely 
in view of the fact that the syndrome seen in patients with malignant car- 
cinoid and prolonged hyperserotoninemia does not include marked salt re- 
tention or hypokalemia (151). A stimulating effect of growth hormone re- 
mains a possibility (17). 

Farrell postulates that an aldosterone-stimulating substance he has 
isolated from beef brain is secreted into the blood stream to stimulate aldos- 
terone production (65). He has named this material glomerulotropin (GTH). 
It was obtained by freezing fresh beef diencephalon, then thawing it and 
extracting with saline in the cold (66). Extracts made with other techniques 
were contaminated with ACTH or ineffective. Whole diencephalon, poste- 
rior diencephalon if the pineal gland remained attached, and the pineal itself 
were sources of active extracts (66, 68). 

These observations raise the question of the effect of lesions in the pineal 
region on aldosterone secretion. In cats, lesions of the dorsal midbrain led to 
a decline in the secretion of both cortisol and aldosterone, but the decline in 
aldosterone secretion was more marked (223). In further experiments (224), 
similar results occurred with small lesions in the central gray matter at the 
top of the midbrain. Unfortunately, only acute experiments performed 4 hr. 
after producing the lesions were reported. A preliminary report (67) that 
pinealectomy in the dog is followed by a decline in the aldosterone to cortisol 
ratio in adrenal venous blood has appeared. On the other hand, pinealectomy 
in other species does not alter the *P uptake of the adrenal and it is consistent 
with prolonged survival (183, 190). This is admittedly indirect evidence, but 
it does seem likely that any appreciable chronic deficiency in aldosterone 
secretion would lead to hyponatremia and possibly to the death of the animal 
(47, 95). 

In summary, aldosterone secretion is probably controlled in part by a 
humoral factor, a glomerulotropic hormone carried to the adrenal by the 
blood stream, and this hormone may be produced in the brain. On the other 
hand, with all the recent emphasis on the autonomy of the zona glomerulosa, 
there has been a tendency to forget the role of ACTH in this process. Ganong 
et al. found that aldosterone secretion in stressed dogs five weeks after hy- 
pophysectomy was reduced to 18 per cent of the control level (95), a value 
similar to that reported some years ago in hypophysectomized rats. Simi- 

larly, hypophysectomy produced a decline in urinary aldosterone excretion 
in dogs with ascites caused by constriction of the vena cava (52). This de- 
cline became more marked as the length of the postoperative period increased. 
A small but statistically significant decline in serum sodium concentration 
was observed in chronically hypophysectomized rhesus monkeys (161). The 
effect of ACTH injection on urinary aldosterone in the human is debated, 
but many authors report a rise (182, 188). Physical trauma and major sur- 
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gery produced increased aldosterone excretion (187, 304), and the response 
to surgery was blocked by hypophysectomy (186). These experiments suggest 
the use of considerable caution in the interpretation of results obtained fol- 
lowing acute cannulation of the adrenal vein in animals with an intact pitui- 
tary. 

Diminished ACTH secretion in response to stress was held responsible 
for the decreased output of aldosterone in the adrenal vein of dogs with 
ventral hypothalamic lesions (95). In this study, low aldosterone values were 
present only when the secretion of hydroxycorticoids was depressed. The 
pattern of steroid excretion resembled that seen in hypophysectomized con- 
trols. Aldosterone determinations were not done in unstressed dogs, but the 
dogs with lesions showed a perfectly normal ability to withstand a low so- 
dium, high potassium diet. Control adrenalectomized dogs with glucocorti- 
coid but no mineralocorticoid replacement became hyponatremic and died 
on this regime. Essentially confirmatory results have been reported in ab- 
stract form (50). Changes in aldosterone secretion can be produced by dia- 
betes insipidus or by alterations in salt balance in hypophysectomized hu- 
mans (147, 173), provided the glomerulosa has not had time to atrophy 
(188). High levels of glucocorticoids have no effect on aldosterone secretion 
(289). These observations support the hypothesis that there are at least two 
mechanisms operative in the control of aldosterone secretion. Corticotropin 
has a definite effect, and increased aldosterone secretion in stressed animals 
can probably be explained on this basis. Stimuli which selectively increase 
aldosterone secretion presumably operate via an extrapituitary pathway 
through the secretion of glomerulotropin. 

In addition to stressful procedures, stimuli capable of activating the 
zona glomerulosa include constriction of the thoracic vena cava (53), changes 
in posture (106), untreated diabetes insipidus (147), a low sodium and a high 
potassium diet (44, 45, 210). The various physiological and pathological 
conditions which induce changes in aldosterone secretion in the human have 
been reviewed in detail (9, 182, 188). 

It is perhaps worth emphasizing that aldosterone is only one of the factors 
regulating salt excretion. Thus, it is hardly surprising that one patient on a 
constant dose of deoxycorticosterone with absent adrenal function was able 
to reduce his salt excretion appreciably (44). Crabbé et al. (45) failed to find 
a clear correlation between the urinary sodium to potassium ratio and 
changes in aldosterone secretion in salt-restricted humans. Randall & Papper 
(240) emphasized the importance of extra-adrenal factors in the salt reten- 
tion seen following surgery. Finally, the phenomenon of “‘escape’’ from the 
sodium-retaining effects of large amounts of aldosterone (8, 182) is well 
known. 

Considerable research has been undertaken to discover a factor common 
to the various stimuli which elevate aldosterone secretion. There is a rough 
correlation between a high level of aldosterone secretion and a decreased 
extracellular fluid volume, but exceptions occur (51). A moderate decrease in 
the adrenal venous output of aldosterone in the dog was observed when the 
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walls of the right atrium but not the left were stretched with threads (4). 
However, cortisol excretion also declined an equal amount, suggesting a non- 
specific effect. The rise in aldosterone secretion following constriction of the 
thoracic vena cava persisted after release of the constriction if the vagus 
nerves were cut (211). On the other hand, Davis et al. (53) found that the in- 
creased secretion of aldosterone produced by caval constriction did not al- 
ways drop promptly after release of the constriction when the vagi were 
intact. More recent experiments in this field are largely unpublished, but two 
short summaries based on abstracts and data in press succinctly summarize 
new developments (5, 15). Constriction of the thoracic vena cava, hemor- 
rhage, and carotid constriction all led to increased aldosterone secretion. 
The only observed hemodynamic parameter common to these three stimuli 
was a decrease in the pulse pressure in the carotid artery (89). Gann & 
Bartter (88) have described a nerve supplying the junction of the carotid 
and thyroid arteries in the dog. Cutting this nerve prevented the rise in 
aldosterone secretion after carotid constriction (89). It might be noted in 
passing that these experiments were apparently done in stressed dogs with 
intact pituitaries, but evaluation of this work must await publication of de- 
tailed reports. 

One other physiological condition in which aldosterone excretion in the 
urine is elevated in the face of an expanded extracellular fluid volume is 
pregnancy in the human. Venning e¢ al., in a beautifully detailed series of 
balance studies, demonstrated this fact in a definitive fashion (303). Others 
reported the values to be high in pregnancy and correlated this finding with 
the changes in the sodium content of rectus muscle biopsies (170). Jones 
et al. (148) investigated the metabolism and excretion of aldosterone in 
pregnancy in considerable detail. They point out that aldosterone is nor- 
mally found in urine as the free compound, conjugated with glucuronic acid, 
and as a ‘‘3-oxy-4-ene”’ conjugate. This latter conjugate is unlike any known 
metabolite of cortisol. Jones points out that neutral extraction of urine, the 
method in use some years ago, removes only free aldosterone, while extrac- 
tion at pH 1, a technique now employed extensively, removes the free hor- 
mone plus the ‘‘3-oxy-4-ene” derivative. By administering tritiated aldos- 
terone to pregnant and non-pregnant females, it was possible by isotope 
dilution (174) to calculate the direct rate of aldosterone secretion by the 
adrenal (148). Thus, although there was an elevated rate of aldosterone 
secretion in some pregnant women, a large part of the increase in urinary 
aldosterone determined by the pH 1 extraction method was caused by an 
increase in the production of the ‘‘3-oxy-4-ene”’ conjugate. It is also worth 
mentioning that, at best, the amount of aldosterone detected in the urine 
represents only 5 per cent or less of that secreted by the adrenal, and there- 
fore conclusions drawn on the basis of this measurement should be tempered 
with some reserve. 

The extensive literature on the effects of aldosterone on various metabolic 
parameters will not be discussed in this review. It should be kept in mind, 
however, that there is a delay of approximately } hr. in the onset of the so- 
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dium-retaining action of aldosterone, even when it is injected directly into 
the renal artery (12, 96, 252). This delay must be kept in mind in interpret- 
ing prompt and dramatic changes in electrolyte excretion induced by such 
procedures as changes in posture (106) and plasma volume expansion (167). 

Progesterone has been demonstrated to block the renal sodium-retaining 
effect of mineralocorticoids (152, 171). With this fact in mind, two synthetic 
steroid spirolactones have been tested in patients and found to inhibit the 
effect of aldosterone (157, 251, 264, 311, 314). These agents are active in 
patients with Addison’s disease only when aldosterone or deoxycorticosterone 
is concurrently administered (180). Apart from their clinical usefulness, their 
potential as a research tool for investigating mechanisms of action of adrenal 
cortical hormones is considerable. 
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THE THYROID"? 


By Davip H. SoLomMon AnpD J. THoMAS DOWLING 


Department of Medicine, University of California Medical Center and 
Veterans Administration Center, Los Angeles, California 


The thyroid gland, under the primary control of hypothalamohypophys- 
eal function, manufactures, stores, and releases iodine-containing hormones 
which, after transport by circulating proteins, act upon tissues to alter the 
rate of a number of intracellular processes. The authors’ conception of the 
sequential and interrelated steps involved in thyroid function is diagrammed 
in Figure 1. 

Although at least some progress has been made in the understanding of all 
of the pictured phases of thyroid function, particular emphasis has been 
placed on certain topics in the past four years. We shall confine our attention 
largely to those topics, a restriction dictated by the enormous volume of re- 
ported experimentation and by the limitation of space allotted to this review. 
The reader is referred to the paper by Michel in the Annual Review of Physi- 
ology of 1956, in which the status of work in thyroid physiology as of June, 
1955, was admirably described (2). In addition, a number of general articles 
and volumes on thyroid physiology have been published during the interven- 
ing four years (3 to 6). 

The subjects which we have chosen for extended discussion are as follows: 
(a) the suprathyroidal and intrathyroidal mechanisms which regulate the 
pace of thyroid activity; (b) the manner in which thyroid hormone is synthe- 
sized; (c) factors affecting the distribution and metabolism of thyroxine; and 
(d) actions of the thyroid hormones on the target cell and the role therein of 
thyroxine analogues. 


REGULATION OF THYROIDAL ACTIVITY 


Although there is still uncertainty as to which step in thyroidal hormono- 
genesis is rate-limiting (Fig. 1), we shall arbitrarily define thyroidal activity 


1 The survey of literature for this review includes publications from June, 1955, 
through May, 1959. Because of space limitations, a single reference has often been 
provided where many might apply; ordinarily the most recent article is cited, so that 
prior literature may be obtained by consulting the reference. 

2 Abbreviations used in this chapter include the following, modified slightly from 
Harington & Pitt-Rivers (1): DIT (di-iodotyrosine); MIT (monoiodotyrosine); T2 
(di-iodothyronine); T; (tri-iodothyronine); T, (thyroxine); T;A (tri-iodothyroacetic 
acid); T,A (tetraiodothyroacetic acid); T;K (tri-iodothyropyruvic acid); T4K (tet- 
raiodothyropyruvic acid); T;P (tri-iodothyroproprionic acid); T,P (tetraiodothyro- 
proprionic acid). Wherever there are three iodine atoms or less per molecule, the 
position of the iodine atoms is indicated by numerals preceding the abbrevation. 
Additional abbreviations are: SPI (serum protein-bound iodine); TBG (thyroxine- 
binding globulin); TBPA (thyroxine-binding pre-albumin); TSH (thyrotropin); T/S 
ratio (thyroid-to-serum concentration gradient for iodide). 
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Fic."1. Schematic presentation of sequential steps in thyroid function. Dotted 
lines indicate sequences even more dubious than those dignified by solid lines. Thy- 
rotropin (TSH) is shown acting directly at three separate stages of the hormonogenetic 
cycle; this may or may not be correct. The diagrammed organism’s extraordinarily 
large goiter reflects only the authors’ bias and is of no anatomical or physiological 
import. 
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by the rate at which the gland delivers biologically active hormones to the 
circulation. Increased thyroidal activity is generally accompanied by (a) 
increase in follicular cell height, (b) decrease in the volume of colloid, (c) in- 
crease in the thyroid-to-serum concentration gradient for iodide (T/S ratio), 
(d) increase in I'*! uptake, (e) increase in the rate of organification of iodine, 
(f) increase in the rate of disappearance of organic I'* from the thyroid gland, 
and (g) more rapid and extensive appearance of labelled iodothyronines in 
the serum. Factors which alter thyroid activity include an enormous variety 
of environmental, chemical, surgical, and dietary manipulations. Present 
evidence indicates that these variables operate at three interconnected levels, 
the central nervous system, the adenohypophysis, and the thyroid gland 
itself, 


ROLE OF THE CENTRAL NERVOUS SYSTEM IN THYROIDAL REGULATION 


Histologic, neurophysiologic, endocrine, and clinical observations have in 
recent years established the importance of the central nervous system as a 
regulator of adenohypophyseal secretion (7 to 9). The available data lead to 
the hypothesis that various hypothalamic nuclei secrete one or more neuro- 
humoral substances which pass to the capillary plexus of the median emi- 
nence and thence down the portal veins to the adenohypophysis, where they 
alter the rate of synthesis or release (or both) of TSH, ACTH, and gonado- 
tropins (10). However, no hypothalamic neurosecretory substance, with the 
exception of vasopressin, has been identified and thus the concept remains 
a probable but unproved hypothesis. 

Effect of interruption of the hypothalamohypophyseal system.—Anatomical 
interruption of the hypothalamohypophyseal system profoundly alters the 
secretion of TSH. Anterior hypothalamic lesions in the rat result in a reduc- 
tion in the weight of the adenohypophysis, in its total content of TSH, and 
in serum TSH concentration (11, 12). The angular basophils (thyrotrophs) 
are not atrophic, however, and the concentration of TSH in the adenohypoph- 
ysis remains normal (11, 13). The weight of the thyroid gland declines in 
the rat and the dog, while histologic changes are inconsistently in the direc- 
tion of reduced activity (11, 13, 14). The accumulation of radioactive iodine 
is subnormal in the rat and dog after hypothalamic lesions, and the T/S ratio 
is lowered in the rat [Greer (3) and others (12, 14, 15)]. The fractional rate of 
release of organic I!* from the thyroid gland remains normal in the operated 
hamster but is slowed by effective lesions in the rat (11, 12, 16). Serum pro- 
tein-bound iodine concentration decreases in the rat with this lesion (12). 
Section of the infundibular stalk produces changes similar to those induced 
by hypothalamic lesions [Brown-Grant, Harris & Reichlin (17)], but the 
frequent occurrence of adenohypophyseal infarction or of regeneration of 
portal vessels makes these results difficult to interpret (8, 18). When the 
hypothalamohypophyseal connection is interrupted by hypophvsectomy 
followed by implantation of autologous or homologous adenohypophyseal 
tissue into other sites, striking discrepancies appear among the results ob- 
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tained with various indices of thyroid function. The implant fails to restore 
thyroidal weight of the hypophysectomized mouse or rat; histologic evidence 
is conflicting, but the thyroid cells are at best slightly taller than those of 
hypophysectomized animals [Greer (3); Goldberg & Knobil (19)]. By con- 
trast with the anatomical picture, T/S ratios are sustained at a normal level 
in both rats and mice, as is over-all I’ uptake in the mouse (19, 20). Simi- 
larly, in rabbits and hamsters, the slope of the release curve in such prepa- 
rations significantly exceeds that of the hypophysectomized animal (16, 21). 

A more striking result of hypothalamohypophyseal disconnection is the 
impairment in the hypophyseal-thyroidal response to stimuli which ordinarily 
excite or inhibit the function of this system. Large bilateral anterior hypo- 
thalamic lesions in the rat ‘nhibit or blunt the goitrogenic response to pro- 
pylthiouracil, to amphenone, or to partial thyroidectomy, although the T/S 
ratio rises in a normal manner (10, 15). In the guinea pig, the same phenom- 
enon is noted, and the adenohypophysis also fails to enlarge or to increase its 
TSH stores when propylthiouracil is administered (22). The intact rat re- 
sponds to propylthiouracil with a depletion of hypophyseal TSH and a rise 
in serum TSH, followed by reaccumulation of TSH in the hypophysis when 
propylthiouracil is discontinued. In the rat with this lesion, hypophyseal 
content of TSH responds normally to propylthiouracil, but its serum con- 
centration does not rise, nor is it maintained at normal levels after with- 
drawal of the drug (11, 23). On the other hand, the administration of tri- 
iodothyronine or thyroxine to such a rat suppresses both hypophyseal and 
serum content of TSH to the same degree as in the intact rat (11). Hypophy- 
sectomized animals bearing heterotopic grafts of functioning adenohypo- 
physeal tissue also show altered responses to stimuli which excite or inhibit 
this system. Thus, von Euler & Holmgren (21) demonstrated that neither 
laparotomy nor forced restraint of rabbits with ocular grafts induces the 
expected suppression of hormonal release, and exposure to cold fails to elicit 
the expected stimulation (8, 21). On the other hand, the administration of 
thyroxine to such animals suppresses hormonal release normally. In the 
corresponding experimental preparation in the mouse, Scow & Greer (20) 
found that propylthiouracil feeding increases and thyroxine injections de- 
crease I'* uptake and T/S ratio. Thyroid weight is only slightly increased 
by propylthiouracil and is not decreased by thyroxine. The rate of release of 
organic I" in the normal hamster is accelerated by exposure to cold, and this 
response is blocked by bilateral hypothalamic lesions, by reserpine, and by 
hypophysectomy with or without a functioning hypophyseal graft in the 
cheek pouch (16). The dissociation between subnormal thyroid weight and 
normal T/S ratio observed in certain experiments cited above led Greer to 
postulate the presence of two thyrotropins. Several investigators, including 
Greer, now agree that this dichotomy may be mimicked by suboptimal 
amounts of exogenous or endogenous TSH, and a unitarian hypothesis 
therefore seems acceptable (24, 25). 
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One may conclude from present evidence that an intact hypothalamo- 
hypophyseal system is necessary for the maintenance of normal output of 
TSH in the resting state, for the full degree of normal response to a reduction 
in the circulating level of thyroid hormone, and for the stimulatory or in- 
hibitory adaptations to stressful stimuli. On the other hand, inhibition of 
the production of TSH by added thyroid hormone occurs despite interrup- 
tion of the hypothalamohypophyseal pathway. Indeed, the injection of 
minute quantities of thyroxine directly into the adenohypophysis appears to 
shut off release of TSH from that organ (26, 27). Injection of thyroxine into 
the anterior hypothalamus may (27) or may not (26) inhibit the release of 
TSH from the hypophysis. 

Studies on localization of the ‘‘center’’.—Electrical stimulation of the ante- 
rior portion of the median eminence results in an increased rate of release of 
organic I*! in the adrenalectomized rabbit but no effect or a decrease in the 
intact rabbit [Harris & Woods (3)]. In the rat, chronic electrical stimulation 
of the anterior hypothalamus does not lead to enlargement of the thyroid 
gland [Greer (3)]. Yet, Shibusawa et al. have described a ‘‘thyrotropin- 
releasing principle” in extracts of canine hypothalamus or urine (28). Until 
these areas of research are more thoroughly explored, the nature of the 
thyrotropin ‘‘center’’ in the hypothalamus remains in doubt. Localization of 
the ‘‘center’’, however, may be inferred from the effects of appropriately 
placed lesions. In the rat, the center appears to reside in the anterior hypo- 
thalamus posterior and ventral to the paraventricular nuclei [Greer (3)]; in 
the guinea pig, effective lesions include the paraventricular nuclei (22); in 
the dog and the hamster, the anterior portion of the median eminence seems 
essential (14, 16). In all species studied, posterior hypothalamic lesions are 
ineffective. There is strong evidence that secretion of gonadotropin, cortico- 
tropin, and thyrotropin is individually controlled, since lesions are reported 
which produce major effects on one without any effect on the other two 
systems (29, 30). 

The influence upon release of TSH of tracts connecting with or traversing 
the hypothalamus has barely been studied. Anderson et al. (31) report that 
midbrain lesions in dogs cause inhibition of the thyroidal release of organic 
I's!) whereas destruction of the preoptic area leads to stimulation. Greer & 
Shull (32) ablated the neocortex of the rat and noted no endocrine abnor- 
malities. A role of the neurohypophysis in control over release of TSH has 
been postulated [Courrier (3)]. In support of this suggestion, Bottari re- 
ported an increase in serum concentration of TSH after vasopressin admin- 
istration (33), while Ogawa et al. (34) found an increase in thyroidal I!" 
uptake. On the other hand, Courrier, Brown-Grant, Purves, and Reichlin 
all report no effect of vasopressin on thyroid function [Courrier (3, 35)]. 
Arimura et al. (36) actually describe a fall in SPI resulting from vasopressin 
injection in the rat. Several investigators have produced lesions which result 
in diabetes insipidus and have seen no concomitant alteration in thyroid 
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function (11); it therefore seems unlikely that vasopressin exerts an impor- 
tant influence on the hypothalamohypophyseal-thyroid system. The fact 
that I'*-labelled tri-iodothyronine and thyroxine achieve their maximal 
concentration in the neurohypophysis of the monkey, dog, and rabbit (but 
not in the guinea pig, cat, and rat) remains an intriguing observation whose 
significance is unexplained [Gross et al. (3); Courrier (3); and others (37, 
38)]. One wonders about the specificity of this phenomenon, however, since 
stalk section with resultant neurohypophyseal atrophy does not decrease 
the ability of this tissue to concentrate labelled thyroxine (38). 


THYROTROPIN 


Although much attention has been focussed on hypothalamic control over 
hypophyseal function, TSH itself continues to occupy a central role in 
thyroid physiology. Recent studies have shed further light upon its cyto- 
logical origin and chemical nature, some effects of its absence and of its 
presence in excess, methods for measurement of its concentration in blood, 
urine, and tissue, and its distribution and inactivation within the body. 

The cytologic origin of thyrotropin.—This subject has been reviewed by 
Purves & Greisbach (3). Studies in the rat, bat, dog, and human have estab- 
lished by histochemical means (a) that the angular basophils are thyrotropic 
in function, (b) that these cells (thyrotrophs) are distinct from two types of 
gonadotrophs, and (c) that the thyroidectomy cell derives from degranula- 
tion and enlargement of the thyrotroph (39 to 41). 

The chemical nature of thyrotropin.—Two groups of workers, Condliffe & 
Bates (42) and Pierce et al. (43) have succeeded in the long elusive task of 
purifying bovine TSH to a high degree. Repeated chromatography yields a 
product the specific activity of which is 20 to 40 USP units of TSH per mg. 
Even this highly purified preparation may be developed by starch gel 
electrophoresis into two or more active bands (43), suggesting that thyro- 
tropic effects may reside in a family of closely related molecules rather than 
being confined to a single fixed configuration of amino acids. A similar situa- 
tion has been well defined in the case of the melanocyte-stimulating hor- 
mones and the various corticotropins (44). Purified thyrotropic fractions 
have not as yet been characterized chemically, except that a molecular 
weight between 26,000 and 30,000 is indicated by electrodialysis studies in 
starch gel (45). Biologically, such purified preparations show comparable 
activity when tested for effects on thyroidal I’ uptake, I'* release, and P® 
uptake in the chick, as well as on water-imbibition by bovine thyroid slices. 
Heideman et al. (46) have recently reported that the thyrotropic activity of 
human hypophyseal tissue is quantitatively adsorbed on cation-exchange 
resins and eluted by 1 M NaCl, a behavior quite similar to that of bovine 
TSH. 

Control of thyrotropin secretion.—This subject has been discussed in con- 
siderable detail above. Factors which have been shown to increase TSH 
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output are limited to cold exposure and the several manipulations which 
lead to a fall in the circulating level of thyroid hormones [Brown-Grant (3); 
Woods & Carlson (47)]. Exposure to cold leads to acute activation of thy- 
roidal mechanisms for the release of hormonal iodine from the gland (48). 
The rapidity of onset of this response and its failure to occur in animals 
whose hypothalamohypophyseal system has been interrupted suggest 
strongly that it is mediated by neural integrative pathways (16, 21). On the 
other hand, the sustained augmentation of thyroid activity which occurs 
during prolonged exposure to cold appears to be mediated by peripheral 
metabolic alterations which increase the rate of utilization of thyroid hor- 
mone, thereby activating the hypophyseal secretion of TSH (49). 

Many maneuvers which lead to a fall in the circulating level of thyroid 
hormones result in an increase in the output of TSH. This well-established 
generalization has been further detailed in recent studies [Brown-Grant (3); 
Reichlin (50)]. Of greater interest are the exceptional situations in which a 
subnormal SPI concentration is associated with evidence of decreased TSH 
release. The administration of dinitrophenol to man and to the rat results in 
a rise in oxygen consumption and a prompt fall in SPI (51, 52). Similarly, 
large doses of salicylates elevate the oxygen consumption of rats and man 
and lower the SPI in man (53). Dinitrophenol in the rat and salicylates in 
man cause a reduction in thyroidal I‘ uptake and clearance, T/S ratio, 
conversion ratio, and rate of release of thyroidal organic I'* at the same 
time the disappearance of labelled thyroxine from the circulation is acceler- 
ated (52 to 54). That the depression of thyroid function by dinitrophenol 
in the rat is mediated by a decrease in TSH output is suggested by inhibition 
of the goitrogenesis of propylthiouracil and prevention of the histological 
“activation” of the hypophyseal thyrotrophs which is ordinarily produced 
by propylthiouracil (55). In man, the injection of TSH readily overcomes 
salicylate-induced depression of the thyroid (54). These findings are inter- 
pretable as indicating that some effect of thyroxine on peripheral tissues, 
rather than the circulating concentration of thyroxine itself, may be the 
stimulus which modulates TSH output. Although the stimulus might be the 
uncoupling of oxidative phosphorylation, Wolff & Austin (54) found that 
certain phenol derivatives which do not uncouple oxidation from phosphoryl- 
ation share with salicylate the property of diminishing the rate of release of 
thyroidal I'* in the rat. The work of del Rey e¢ al. (56) supports the alterna- 
tive hypothesis that intracellular thyroxine itself may regulate hypophyseal 
output of TSH; these investigators found the tissue content of labelled 
thyroxine unaltered shortly after dinitrophenol administration, at a time 
when the concentration of thyroxine in serum was markedly reduced. 

The variables which result in a decrease in TSH output are far more 
numerous and nonspecific than those which cause an increase. In addition 
to the phenomena already discussed (hypothalamohypophyseal disconnec- 
tion, and the administration of dinitrophenol, salicylates, thyroid hormones, 
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and hormone analogues), inhibitory factors include high ambient tempera- 
ture (52), maneuvers which decrease the rate of disappearance and inactiva- 
tion of thyroid hormones [e.g., hepatic damage (57)], psychological stresses 
[e.g., frequent changes of housing, unusual restraint, tube feeding, frustra- 
tion in the conditioning situation (58, 59)], muscular exercise (58), trauma 
(60), infection (61), various dietary deficiencies [e.g. vitamin A, protein (62, 
63)], and certain drugs administered systemically or directly into the 
hypophysis [e.g., yohimbine, procaine, and possibly reserpine and chlorpro- 
mazine (64, 65)]. Administration of adrenal glucocorticoids often, but not 
uniformly, resultsin an inhibition of thyroid function which, from the ma- 
jority of evidence, appears to be mediated at least in part by suppression of 
hypophyseal output of TSH (66). Epinephrine induces an immediate cur- 
tailment of thyroidal blood flow, accompanied by decrease both in ['*! 
uptake and in release of organic I'*! (67). These phenomena do not appear 
compatible with a TSH-mediated effect and probably represent a direct 
thyroidal action of the sympathetic amine. Agreement is lacking on the 
effect of estrogenic hormones on thyroid function; thyroidal activity is en- 
hanced by estrogen in the rat, inhibited in the rabbit, and not prominently 
altered in either direction in man (68, 69). The stimulating action of estrogen 
in the rat is not mediated by the hypophysis according to Feldman (68), but 
there is much evidence leading to the opposite conclusion (69, 70). In man, 
the major action of estrogen is actually on thyroxine binding and peripheral 
turnover of thyroxine (vide infra). An effect of androgenic hormones on the 
output of TSH has also been suggested, but most available data indicate 
little or no effect on the hypophyseal-thyroidal system (71). 

Pathologic physiology of thyrotropin control—Of considerable importance 
is the finding by Greer and by Werner et a/. that the patient with Graves’ 
disease differs from the normal human in that the administration of thyroid 
hormone fails to suppress his thyroidal uptake of I (72, 73). This abnor- 
mality is often present in persons in a euthyroid stage of Graves’ disease and 
it may persist for long periods after successful treatment of the hyperthy- 
roidism. It thus seems to be a fundamental trait of the pathologic physiology 
of Graves’ disease, rather than a phenomenon related to the increased circu- 
lating thyroxine level or its consequences. However, the finding of nonsup- 
pressibility of thyroid function by exogenous hormone has not solved the 
controversy as to whether the acceleration of thyroid hormone production 
and release in active Graves’ disease results from an uncontrolled excess of 
TSH output or from some autonomous intrinsic alteration in thyroid func- 
tion (72). Adams & Purves (73) have reviewed the evidence on this point. 

Clinical and physiologic interest has also been aroused by the observation 
of Adams (74), confirmed by McKenzie (75), that an ‘“‘abnormal’’ TSH can 
be demonstrated in the serum of patients suffering from hyperthyroidism. 
Employing the Adams & Purves bioassay in guinea pigs (76), bovine TSH 
and the serum from hypothyroid humans produce an increase in SPI'* con- 
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centration which is maximal two hours after thyrotropin administration 
and is much lower in sixteen hours. Serum from hyperthyroid humans, on 
the other hand, causes a rise in SPI!* which is as great sixteen hours later as 
two hours later. This phenomenon is not caused by a factor in thyrotoxic 
serum which prolongs the action of ‘‘normal’’ TSH in vitro, but an alterative 
effect of the thyrotoxic organism on ‘‘normal’’ TSH administered in vivo has 
not been excluded. 

Effects of hypophysectomy.—Taurog, Tong & Chaikoff (77) have rein- 
vestigated the thyroidal ['?7 and I"! metabolism of hypophysectomized rats. 
Reductions of greater than 95 per cent were observed in the rates of iodide 
accumulation, organification, and thyronine formation, while no labelled 
thyroxine was detected in serum. Synthesis of thyroxine was more pro- 
foundly reduced than that of 3,5-DIT, while the latter in turn was more 
affected than 3-MIT. The authors conclude that TSH deficiency does not 
impose a specific block on conversion of 3,5-DIT to thyroxine but rather 
that all phases of thyroid activity are depressed, with the earlier steps being 
relatively less inhibited. 

Detailed studies of thyroid function in man after surgical hypophysec- 
tomy are now available. After complete hypophysectomy, thyroidal I! up- 
take and SPI generally fall significantly within two weeks (78). Incomplete 
hypophysectomy is compatible with perfectly normal findings in these two 
tests. This fact coincides well with the more detailed analysis of graded 
hypophysectomy in the dog, where 75 per cent adenohypophysectomy pro- 
duces no demonstrable effect and progressively greater degrees of ablation 
cause first gonadotropic, then thyrotropic, and finally adrenotropic failure 
(79). 

The actions of thyrotropin.—Still unsolved is the question of the site or 
sites of action of TSH on the thyroid gland. A number of investigators have 
extended earlier comparisons of the dose-time characteristics of various 
effects of TSH in an effort to settle which occurs earliest (80). If one selects 
a single test animal, the one-day old chick, and collates all studies which 
employ a single subcutaneous dose of TSH, a pattern emerges in which evi- 
dences of dissolution of colloid and of secretion seem to precede any evidence 
of increased hormone synthesis, while P*? uptake and cell growth occur al- 
most as early as manifestations of increased secretion. Although this sequence 
of events is only tentative, confirmatory data from studies of other species 
have accumulated (81, 82). In an extremely thorough study in man, Einhorn 
(83) establishes beyond any reasonable doubt that the hormone-releasing 
function, as measured by the SPI" concentration, is accelerated within one 
and one-half hours after a single intramuscular injection of TSH, whereas 
radioiodine accumulation, as measured by the 11-min. I uptake curve, is 
enhanced only after an 8-hr. latent period. 

Although the earliest action of TSH does appear, for the moment at 
least, to be an acceleration of proteolysis of colloid, this by no means estab- 
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lishes that all other actions are secondary to this particular effect. Taurog, 
Tong & Chaikoff (84) make a strong case for independence of the various 
actions by showing that the T/S ratio rises when hypophysectomized rats 
receive TSH, even when the thyroid gland has been markedly depleted of 
hormonal iodine by propylthiouracil pretreatment and the I?’ content does 
not fall further after TSH. If such animals receive sodium perchlorate as 
well, thereby blocking trapping as well as organification of iodide, TSH still 
induces thyroidal growth and increased P* accumulation. Thus an effect of 
TSH upon growth is separable from actions on iodine metabolism. 

Thyrotropin incubated in vitro with thyroid tissue (a) increases the 
tissue-to-medium iodide™ ratio of propylthiouracil-blocked bovine thyroid 
slices (85); (b) increases the fraction of I! which is bound to protein by 
ovine thyroid slices (86); and (c) increases the total I'-accumulation by 
minced bovine thyroid tissue (87). Subcellular homogenates are unaffected 
by added TSH. In tissue slices incubated for short periods in vitro, accelera- 
tion of release of prelabelled hormone by TSH has not been demonstrable, 
but Bottari & Donovan (88) did show increased release of hormonal I" 
when TSH was added to 18-hr. roller-tube cultures of fragmented guinea 
pig thyroid. On the other hand, Oppenheimer e¢ a/. (89) found no influence 
of TSH on either I'* uptake or release of roller-tube cultures of rabbit thy- 
roid fragments. Similarly, perfused beef and dog thyroids are unaffected by 
the TSH content of the perfusion fluid (90). 

Bioassay of thyrotropin.—It is beyond the scope of this review to compare 
the sensitivity, precision, and practicability of the host of old and recent 
methods proposed for the bioassay of TSH. No one method has achieved 
widespread usage. Several new methods provide an extraordinary degree of 
sensitivity, as shown in Table I. 

Some of the more sensitive bioassay methods have allowed the estima- 
tion, albeit with rather low precision, of the amounts of TSH present in the 
blood, urine, or tissues of animals and patients (76, 91). Methods for effi- 
cient extraction of TSH and for its separation from inhibitory substances 
have been described (93, 94). Urine contains both a TSH-inhibitor and a 
non-hypophyseal material which mimics TSH in the chick P*-uptake bio- 
assay (95, 96). Perhaps because of such interfering substances, the slope of 
the dose-response curve in various assays of biological fluids often differs 
from that of hypophyseal TSH (96, 97). Acetylated derivatives of crude 
thyrotropic preparations, although devoid of thyrotropic activity, may in- 
hibit the action of unmodified TSH upon chick thyroid weight [Sonenberg & 
Money (98)]. It has accordingly been suggested that the TSH-inhibitor 
found in normal human urine might itself be a metabolic derivative of TSH 
(95). 

Distribution and metabolism of thyrotropin.—Thyrotropin injected intra- 
venously into man, rat, rabbit, or chick disappears rapidly from the plasma 
(99 to 101). This is true whether the TSH is homologous or heterologous to 
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SENSITIVE METHODS FOR Bioassay OF TSH 








Minimal detectable dose 








Criterion Animal 4 Absolute Concentration* 
“mU (USP) mU (USP) 
TSH TSH/ce. 

Appearance of I'*! in blood Guinea pig (76) 0.1 0.1 

Appearance of I'*! in blood Mouse (91) 0.025 0.05 
I'3! uptake in tissue culture Guinea pig (33) 0.01 0.05 
Weight increase of in vitro thyroid slice Beef (92) —t 0.01 
I'31 release by tissue cultures Guinea pig (88) 0.005 ?t 





* Takes into consideration the maximal volume of an unknown, e.g., serum, which 
can be used. 

+ Volume of medium and amount of TSH are proportional to weight of slice in this 
assay, so results are expressible in terms of concentration only. 

t Volume of unknown added to culture medium not reported in preliminary note. 


the recipient animal (97), whether its presence is detected by bioassay or by 
a radioactive label (99, 101), and whether large or small doses of TSH are 
administered (97, 101). In the rat, less than 5 per cent of administered thyro- 
tropic activity remains in the entire plasma volume one hour after injection 
(97, 99). However, approximately 20 per cent may be recovered from ex- 
tracts of the perfused carcass of the rat, 3.5 per cent from kidney tissue, and 
1.5 per cent in the excreted urine (97). Thus, TSH is apparently distributed 
throughout extravascular compartments, where it is inactivated at a rapid 
rate. However, it is conceivable that active TSH remaining in the tissues 
might be available for later recall into the circulation. Whether inactivation 
occurs in a particular site or in many tissues is unknown. Neither liver nor 
thyroid seems to be an important site of inactivation (97, 99, 100). The 
kidney is perhaps significantly involved in this process, since TSH may be 
concentrated by kidney tissue soon after its injection [Kassenaar et al. (102); 
not confirmed by Levey & Solomon (97)], and since nephrectomized rats 
clear thyrotropic activity from plasma at a rate significantly slower than 
do sham-operated rats (103). Kidney slices, however, do not inactivate 
thyrotropin in vitro (103). 


THYROIDAL AUTOREGULATION 


Regulation of the iodide pump.—Despite the overpowering effects of TSH 
on various stages of thyroid activity, the thyroid gland retains some degree 
of autonomous behavior. In 1953 to 1955, a series of experiments by Vander- 
Laan, Halmi, and their co-workers (104, 105) clearly indicated the presence 
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of an intrathyroidal factor capable of altering the function of the thyroidal 
iodide pump. This conclusion is supported by the demonstration that a low 
iodine diet or prior propylthiouracil ingestion causes an increase in the T/S 
ratio of the hypophysectomized rat either in the complete absence of TSH 
or in response to a constant dose of TSH. VanderLaan & Caplan (104) 
found in these various experimental situations that the T/S ratio is inversely 
proportionate to the concentration of organic iodine in the thyroid and 
proposed that the accumulation of iodide is stimulated by depletion of 
glandular hormonal reserves. However, Halmi & Spirtos (106) observed 
that dietary iodine intake no longer affects the sensitivity of ‘tthe T/S ratio 
to TSH when organic binding is blocked by propylthiouracil. More recently, 
Wollman & Reed (107) showed that mice on a low iodine intake but with 
normal glandular iodine concentration exhibited a lowered T/S ratio when 
a very small amount (1.5 ug.) of iodide is injected just 15 min. prior to the 
blocking dose of propylthiouracil. Thus, regardless of total organic iodine 
concentration in the thyroid, a small amount of recently-bound iodine ap- 
pears to inhibit the iodide pump. These several findings lend support to the 
suggestion by Halmi, extensively discussed in recent publications, that one 
or more specific iodine-containing compounds within the thyroid (rather 
than total organic iodine concentration) directly depress the iodide pump 
in opposition to the stimulating effect of TSH [Halmi (3, 105)]. Halmi sug- 
gests that the intrinsic depressor substance may be an iodothyronine, but 
the observation by Wollman & Reed (107) of an acute depressing effect of 
very recently bound iodine on the T/S ratio rather implicates the iodoty- 
rosines. 

Do circulating iodothyronines directly depress the activity of the iodide 
pump, in addition to their indirect action via inhibition of TSH output? 
Several earlier studies indicated that the administration of thyroxine to 
norma! and hypophysectomized rats and mice results in a T/S ratio signifi- 
cantly lower than that of untreated hypophysectomized animals. However, 
Halmi & Stuelke (105) re-examined this question, controlling for the T/S- 
lowering action of the increased dietary iodide ingestion which results from 
thyroxine-induced stimulation of appetite. Under these revised conditions, 
the T/S ratio falls to hypophysectomy levels but no lower. Furthermore, 
tri-iodothyronine does not inhibit I uptake of the canine thyroid slice 
blocked in vitro by methimazole [Halmi (3)]. Thus the question seems an- 
swered in the negative and the evidence seems strong that the non-hypo- 
physeal inhibitor of the iodide pump is provided to the thyroid cell from 
within the gland rather than without. 

Other autoregulatory mechanisms.—Thyroidal autoregulation therefore 
seems established for the initial step in thyroidal activity, the iodide pump. 
There is also rather clear evidence for other intrinsic thyroidal mechanisms 
whereby hormonogenesis and secretion are altered independently of or in- 
deed in directions opposite to TSH action. For example, the mixture of 
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iodotyrosines and iodothyronines within the thyroglobulin molecule is pro- 
foundly altered by dietary iodine supply. The ratio of labelled MIT to 
labelled DIT is markedly supernormal when I'* is administered to rats fed 
a low iodine diet, and the ratio of labelled tri-iodothyronine to thyroxine is 
correspondingly elevated (108). Stable iodine analyses indicate that the 
equilibrium condition similarly favors MIT over DIT [Querido et al. (3)]. It 
would appear that thyroglobulin which is depleted of iodine (presumably as 
a result of TSH secreted in response to the lowered SPI) contains more 
tyrosine, fewer MIT, and still fewer DIT radicals than normal thyroglobu- 
lin. This chemical fact might lead to a useful physiological adjustment if it 
resulted in a greater relative output of tri-iodothyronine as compared to 
thyroxine and hence a more potent mixture of hormones. However, the data 
of Querido et al. (3) on serum fractions do not indicate that the high ratio of 
tri-iodothyroxine to thyroxine found in the gland is carried over into the 
serum. Lacking determinations of specific activity, one cannot fully interpret 
this finding as yet. 

Dietary iodine deficiency presents a complex stimulus to the hypophys- 
eal-thyroidal system, which might well be summarized here. The fall in 
serum hormone levels causes increased TSH output; recent studies include 
the demonstration of the production of nodular goiters in animals after 
prolonged periods on iodine-deficient diets (109). The thyroidal iodide 
pump is greatly increased in activity as a result of the combined operation 
of an increase in circulating TSH and a decrease in the concentration of the 
proposed intrathyroidal inhibitor substance. And finally, the MIT/DIT and 
tri-iodothyronine/thyroxine ratios are increased presumably as a result of 
the chemical properties of thyroidal iodination reactions. We cannot as yet 
determine whether TSH participates in this last step, since Taurog et al. 
(77) found the MIT/DIT ratio to be elevated after hypophysectomy and 
lowered to normal by TSH, while Bois & Larsson (108) state that the MIT 
/DIT ratio is increased by TSH. 

A third mechanism of thyroidal self-regulation is suggested by data con- 
cerning the release of organic I from the gland. In rats receiving propyl- 
thiouracil, the daily output of hormonal I?’ from the thyroid gland falls by 
an amount constantly proportionate to the declining store of hormonal ['?? 
in the gland (110). This older observation is exactly duplicated in man when 
the release of I'!-labelled organic iodine is examined during chronic propyl- 
thiouracil ingestion (111). This phenomenon in the rat and in man is clearly 
non-hypophyseal in origin, since any fall in the circulating level of thyroid 
hormone caused by propylthiouracil would lead to an increase in TSH out- 
put and a consequent increase in the release of hormone from the thyroid, 
rather than the observed progressive decrease. 

The three autoregulatory mechanisms which we have discussed bear an 
interesting relationship to one another. A reduction in hormonal iodine 
stores leads simultaneously to an increase in iodide-trapping and to a de- 
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crease in hormonal iodine release. These phenomena both tend toward a 
rebuilding of depleted iodine stores within the gland, and at the same time a 
hormone mixture of enriched potency is created. One may speculate that the 
thyroid gland is adapted to guard its own stores, while the thyrotropin- 
releasing mechanisms respond to the requirements of the body’s tissues for 
thyroid hormone. 

Effect of excessive ingestion of iodide.—Deficiency of iodide in the diet has 
multiple effects on the thyroid, as previously detailed. Perhaps even more 
complex are the actions of an excess of ingested iodide. In the normal rat or 
human, it has long been recognized that large amounts of iodide markedly de- 
crease the rate of organic binding of iodine within the thyroid. This finding 
has been confirmed by Galton & Pitt-Rivers (112) who noted, however, that 
some MIT is indeed formed under these conditions but that DIT synthesis 
is minimal. Although confirming the older observation that the major block- 
ing action of iodide is transient, Galton & Pitt-Rivers (112) noted that the 
rate of organic binding remains subnormal and the MIT/DIT ratio super- 
normal during several weeks of iodide dosage. The duration and detailed na- 
ture of this action of iodide in the normal human has not yet been defined, 
but some 20 cases have now been reported in which the chronic ingestion of 
iodine has led to the development of myxedema and goiter, accompanied by 
iodine kinetics indicative of a permanent block in hormonogenesis (113). The 
chemical mechanism for such a block may involve the formation of an inert 
I;~ complex (114). Iodide acts on the thyroid gland in several other ways. It 
reduces T/S ratio by both intrathyroidal and hypophyseal mechanisms. It 
leads temporarily to an increase in circulating thyroid hormone and to a de- 
crease in TSH output. In addition, it inhibits the accelerated rate of hormone 
release characteristic of the patient with hyperthyroidism or of the normal 
human receiving TSH, but does not inhibit hormone release in the untreated 
euthyroid human nor in the rat. Several studies of this phenomenon in man 
have been reported, but they do not finally settle the question of whether ex- 
cess iodide acts by inhibiting TSH output or by opposing the action of TSH 
on the thyroid gland (111, 115, 116). 


SYNTHESIS OF THYROID HORMONES 


The unique characteristic of thyroid hormonogenesis is neither the pres- 
ence of the iodide-pumping mechanism nor of devices for the conversion of 
inorganic iodide to thyronine iodine but rather the remarkable juxtaposition 
of these two processes in a single organ. Despite much study it is still uncer- 
tain as to which of these two steps is rate-limiting in the synthesis of thyroid 
hormones [Halmi (3) and others (104, 117)]. 


THE THYROIDAL IODIDE Pump 


A concentration gradient for iodide of approximately 25-to-1 is main- 
tained between the thyroid and the serum. Some factors controlling this T/S 
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ratio have already been described, and the entire subject has been reviewed 
by Halmi (3). Further discussion here will necessarily be brief. The im- 
portance of the iodide pump has been established by the fact that hypothy- 
roidism and goiter result from the administration of thiocyanate, per- 
chlorate, and related anions which reduce the T/S ratio to 1.0. Furthermore, 
in recent years, hyperthyroidism has been treated successfully with per- 
chlorate (118). Increase in dietary iodide ingestion prevents both the goitro- 
genesis and the antithyrotoxic actions of perchlorate ion, as would be ex- 
pected. The mechanism whereby these anions interfere with the iodide pump 
is unknown. Wollman (119), after calculations of the relationship between 
serum iodide and thiocyanate concentrations and the T/S ratio, concluded 
that the inhibition by thiocyanate of the thyroidal iodide pump is competi- 
tive in nature. In the same laboratory, it was also noted that the thiocyanate 
ion does not itself enter thyroid tissue in a concentration above that of blood 
(120). These findings bear on the mechanism of iodide-trapping, since com- 
petitive inhibition by a substance which is not itself concentrated by the thy- 
roid strongly implies that adsorption of iodide onto thyroidal proteins is 
not the means by which iodide accumulates. An active transport of iodide is 
therefore a more plausible explanation (120). Adsorption of iodide onto thy- 
roidal proteins had been suggested by the presence of iodine which is not dis- 
charged by thiocyanate in the propylthiouracil-blocked thyroid gland (121, 
122). However, this non-dischargeable iodine is largely MIT, and the ‘‘second 
iodide compartment”’ is thus probably not iodide at all (123). 

A final point of interest is the fact that iodide-pumping mechanisms are 
present not only in the thyroid gland, but also in the salivary gland, gastric 
mucosa, ileum, pancreas, mammary gland, and placenta (124 to 126). In 
each organ where the effect of anions of the perchlorate group has been 
studied, inhibition of the iodide pump has been observed (125 to 128). The 
extrathyroidal iodide concentrating mechanisms are unaffected by hypophy- 
sectomy, by the administration of thyrotropin, or by dietary iodide content 
(124, 125, 127). Unlike salivary gland and gastric mucosa, mammary tissue in 
vitro incorporates inorganic I|'* into trichloroacetic acid-precipitable moieties 
suggesting either protein or lipid binding (128). However, the radioiodine 
which appears in human milk is entirely in the form of iodide (129). 


THE BIOSYNTHESIS OF [ODOTHYRONINES 


Following iodide trapping, the thyroid gland oxidizes iodide to a reactive 
form, and carbon-iodine bonds are generated in the tyrosine molecules of 
thyroglobulin. The specific chemical reactions and enzymes involved in these 
processes remain unknown. The concept of iodination by elemental iodine 
appears to satisfy certain observed data better than does the earlier hypo- 
iodite hypothesis (114). 

Abnormalities of organificationRecently emphasis has been placed on 
a number of abnormal situations in which there is failure of the processes of 








630 SOLOMON AND DOWLING 


organification of iodine. Examples include some cases of chronic thyroiditis 
in man (130), one of the classes of human goitrous cretins (131), and a trans- 
plantable thyroid tumor in the rat (132). In each of these disorders radio- 
iodide is rapidly and sizably accumulated by the thyroid gland but remains 
in equilibrium with plasma radioiodide and is lost from the thyroid at a rate 
governed by the renal excretion of iodide. Captured I’ is completely dis- 
charged, or nearly so, by the perchlorate ion. Tissue analyses reveal a pre- 
dominance of radioiodide and almost no organically bound iodine. The de- 
fect in the case of the rat tumor is specifically placed at the iodination step, 
since the protein receptor, thyroglobulin, was found to be present and ap- 
parently normal (132). It is of interest that the rat tumor tissue is also de- 
ficient in deshalogenase activity, thus exhibiting the key characteristic of a 
second group of goitrous cretins (vide infra). 

Very similar to the “‘slips of nature”’ in organification of iodine are the ef- 
fects of many antithyroid drugs. The subject has been reviewed by Vander- 
Laan & Storrie (133). Recent careful studies have shown that large doses of 
propylthiouracil allow traces of MIT to be formed (123) and that small doses 
result in the formation of considerable iodotyrosine, the MIT/DIT ratio of 
which is abnormally high (134, 135). Thus it has become an oversimplifica- 
tion to say that propylthiouracil blocks iodination of tyrosine; it decreases 
the rate of monoiodination of tyrosine but much more strongly inhibits the 
iodination of monoiodotyrosine. There is no evidence that different chemical 
processes are involved in the two iodinations, but it does appear that the 
second iodination is more difficult and therefore in effect more sensitive to in- 
hibition. High MIT/DIT ratios have been observed in a number of other 
thyroid preparations whose common denominator appears to be disturbed 
organification of iodine; viz., thyroid homogenates (136), prefrozen or re- 
frigerated thyroid slices (137), human thyroid nodules of low functional ca- 
pacity (138), thyroids from hypophysectomized rats and from rats exposed 
to excessive iodide (77, 112). In the additional circumstance of rats fed a very 
low iodine intake, a high MIT/DIT ratio is found; unlike the above abnor- 
malities, in this instance iodothyronines are formed in adequate quantity. 

Other antithyroid agents —The mechanism of action of other antithyroid 
agents has been explored. Amphenone clearly shares with the thiourea 
group the property of interfering with the organification of iodine (139). 
Carbutamide decreases I'* uptake, depletes glandular iodine stores, and pro- 
duces a goiter which is partly ameliorated by added dietary iodine; it there- 
fore imitates the thiourea group rather than sulfaguanidine to which it is 
much more closely related chemically (140). Agents with antithyroid prop- 
erties of rather obscure nature are as follows: 2-amino-5-nitrothiazole (141), 
disulfiram (142), phenylbutazone (143), thiopental (144), and cobaltous 
chloride (145). An antithyroid action has been attributed to various anti- 
biotics, but this suggestion has not withstood close scrutiny (146). 
Formation of todothyronines.—The oxidative coupling of molecules of 
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MIT and DIT within the thyroglobulin molecule leads to the formation of a 
variety of iodothyronines. The presence of 3,3’-T2 and 3,3’5’-T; in thyro- 
globulin and also as the free amino acids was described by Michel in the 1956 
Annual Review of Physiology (2); more complete publications on this finding 
appeared subsequently (147). Meanwhile Shellabarger & Brown identified 
3,5,3’-T; in the thyroid of toads and noted that this substance has now been 
found in the thyroid of all classes of vertebrates (148). In the human, a sec- 
ond type of goitrous cretin, in which iodotyrosines are plentiful but very 
little T3 (tri-iodothyronine) or Ty (thyroxine) is formed, affords evidence 
that the coupling of iodotyrosines may be spontaneously deficient, thus im- 
plying if not proving the existence of a specific enzyme which catalyzes this 
step (149). 


STORAGE AND RELEASE OF HORMONE 


For a varying period of time after biosynthesis, the iodothyronines remain 
within the follicular colloid as part of the thyroglobulin molecule. Inhomo- 
geneity of thyroglobulin has been established by radioautographic, chemical, 
and isotope-turnover experiments (150, 151). Recently, at least three iodo- 
proteins differing rather sharply from thyroglobulin in chemical properties 
have been described in several species by Robbins, Wolff & Rall (152, 153). 
Hydrolysis of such iodoproteins yields MIT, DIT, tri-iodothyronine and 
thyroxine in various proportions. 

Release of thyroid hormones.—The phase of storage is terminated by the 
proteolysis of thyroglobulin into its component peptides and amino acids. 
Free 3,3’-To, 3,3’/5’-T3, 3,5,3’-T3 and Ty, (thyroxine) have all been demon- 
strated in unhydrolyzed thyroid tissue (5). The enzymatic apparatus for 
hydrolysis of thyroglobulin is more complex than was formerly thought. The 
reaction involves at least two enzymes and probably more (154). A spectrum 
of intermediate proteins of varying size is formed in the process of proteolysis 
(155). Ultimately a sizable proportion of the thyroglobulin molecule is re- 
solved into its component amino acids. MIT and DIT are rapidly deio- 
dinated by the thyroidal deshalogenase and do not leave the thyroid gland 
in the normal organism (156). The resultant iodide is presumably available 
for reutilization. Deshalogenase activity has been demonstrated directly in 
ovine, bovine, and human tissues (157). It is absent in the thyroid gland of a 
tvpe of goitrous cretin in which there may also be a general somatic deficiency 
of deshalogenase activity. The importance of the internal conservation of 
iodide by the thyroid is illustrated by the fact that such patients (a) excrete 
in the urine large amounts of iodine in the form of MIT and DIT, (0) de- 
velop a goiter with high I" uptake, and (c) ultimately are unable to main- 
tain a normal SPI (141). Recently, it has been reported by Farran et al. 
(158) that about half of patients with hyperthyroidism generate labelled 
iodotyrosines in the blood after receiving tracer doses of I'', suggesting that 
the normal complement of deshalogenase activity may be insufficient in the 
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face of a markedly accelerated turnover of iodinated amino acids. The sig- 
nificance of this work is unclear, however, since there have been many ob- 
servations of the absence of iodotyrosines from the blood of normal humans 
and animals, of thyrotropin-treated humans and animals, and indeed, of hy- 
perthyroid humans studied by methods similar to those of Farran et al. (159). 

The principal elaborations of the thyroid gland, triodothyronine and 
thyroxine are resistant to deshalogenase activity and leave the gland by dif- 
fusion and, in the case of thyroxine, as a result of competitive surface-binding 
favoring the serum thyroxine-binding globulin, TBG, over thyroglobulin 
(160). Under abnormal circumstances, iodinated moieties of low calorigenic 
potency appear in the blood. Among these are (a) iodotyrosines, as previ- 
ously mentioned; (6) thyroglobulin released after surgical or radiation injury 
to the gland, during subacute thyroiditis and presumably during some phase 
of chronic thyroiditis; and (c) iodinated peptides or iodoproteins of unknown 
composition. Among the latter are substances exhibiting the electrophoretic 
mobility of albumin and of gamma globulin (161, 162). Since some of these 
non-thyronine materials have been demonstrated even with tracer doses of 
I‘! it must be inferred that measurement of the rate of loss of thyroidal or- 
ganic I'*!, widely used as an index of thyroidal secretion of thyroxine, cannot 
now necessarily be so construed. 


FACTORS AFFECTING THE DISTRIBUTION AND 
METABOLISM OF THYROXINE 


Thyroxine transport—During zonal electrophoresis in several alkaline 
buffers, thyroxine is bound reversibly to three moieties within the extracel- 
lular fluid: TBG, TBPA, and serum albumin [Ingbar (163)]. At physiologi- 
cal concentrations the hormone is distributed almost equally between TBG 
and TBPA, and a minute fraction is bound to albumin. The saturation ca- 
pacities for thyroxine of TBG and TBPA differ, the former ranging from 18 
to 30 wg. per cent thyroxine, and the latter 80 to 120 wg. per cent thyroxine, 
depending upon the assay employed. Tri-iodothyronine, less firmly bound 
to TBG than thyroxine, binds not at all to TBPA. Thyroxine is bound firmly 
by TBG and TBPA at low circulating concentrations of the proteins. The 
volume of distribution of thyroxine of approximately 10 1. in man lies be- 
tween the confines of the vascular and extracellular fluid spaces and mimics 
the volume occupied by many circulating proteins. The rate of peripheral 
turnover of thyroxine in man of 10 per cent per day simulates rates de- 
scribed for several proteins of plasma [Ingbar & Freinkel (164)]. The behavior 
of thyroxine in man, therefore, appears to be strongly conditioned by its bond 
to specific proteins which impart to the hormone characteristics of a macro- 
molecule. 

The exchange of thyroxine between cellular and extracellular thyroxine-bind- 
ing components.—Since the interaction of thyroxine with TBG, TBPA, and 
albumin is reversible, an increase in concentration of this hormone is accom- 
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panied by its redistribution with a greater proportion bound to albumin, the 
component whose avidity for thyroxine is least and whose capacity is great- 
est. Conversely, the addition of TBG to serum containing thyroxine results 
in abstraction of the hormone from the protein of lesser affinity, albumin 
(165). A similar reversible interaction between serum-thyroxine and cellular 
thyroxine-binding components in vitro has been described, the experimenters 
utilizing several tisues (166 to 169). These studies indicate that the accumu- 
lation of hormone at cellular binding sites is inversely proportional to the 
quantity of binding moieties in the incubating medium, directly proportional 
to the concentration of thyroxine, and directly proportional to the number 
or avidity of binding sites present on the cell surfaces. The interaction is pas- 
sive or physical since it is unaffected by metabolic inhibitors or by prior boil- 
ing of the tissues (167). 

How thyroxine is exchanged from extracellular binding components to 
intracellular sites of metabolic degradation or utilization is unknown. The 
exchange could occur (a) through the intermediate of unbound or “‘free’”’ 
thyroxine, present in small quantities and unassociated with macromole- 
cules; (b) through a specific exchange wherein thyroxine is oriented by its 
transport protein in a manner which allows its receipt by the cell at selected 
binding sites which mark the entrance to intracellular pathways of utiliza- 
tion and degradation; or (c) by means of the entry of the entire thyroxine- 
binding protein complex into the cell. The concept of “free’’ thyroxine 
proved attractive since it was possible to relate metabolic status directly to 
a calculated value for ‘free’ thyroxine which is dependent upon the con- 
centration of SPI and the quantity of TBG within the circulation [Robbins & 
Rall (170)]. The finding of the additional binding moiety, TBPA, and the lack 
of defined thyroxine-binding constants of the transport proteins cast doubt 
on the validity of such calculations. That ‘‘free’’ thyroxine must in reality 
exist, even in concentrations however small, is suggested by the finding of 
traces of the hormone in the urine in the absence of proteinuria and by its 
dialyzability from serum to serum across a dialysis membrane (170). Further 
characterization of the transcellular flux of thyroxine to sites of utilization 
and degradation has awaited preparation of the pure binding proteins. In the 
course of such efforts the question has been raised whether TBG may be but 
a protein-protein complex of TBPA with one or more interalpha globulins 
[Tata (171)]. Although such a phenomenon could occur and account for the 
presence of two apparently different thyroxine-binding materials, the differ- 
ing physicochemical characteristics of TBG and TBPA suggest considerable 
independence of the physiological activities of the two proteins. 

Clinical and experimental alteration of thyroxine binding.—In vitro studies 
of the distribution of thyroxine between extracellular and cellular binding 
sites stimulated exploration of possible alterations in TBG and TBPA ina 
variety of non-thyroidal states in which the metabolism of iodine was known 
to be disturbed. During the majority of normal pregnancies a paradox pre- 
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vails during which eumetabolism exists despite an augmented concentration 
of SPI. An explanation for this dissociation was suggested by the finding of a 
marked increase in TBG which begins early in pregnancy and persists 
throughout gestation and briefly into the puerperium (172). Of interest is the 
finding that in women with inevitable abortion, TBG-changes characteristic 
of normal pregnancy are generally not found. Sera of newborn infants ex- 
hibit concentrations of SPI equal to those of the maternal sera, and thyroxine 
binding by TBG is intermediate between that found in sera of pregnant and 
nonpregnant women (172). Increases in SPI and TBG similar to those found 
during normal pregnancy are induced by the administration of large doses of 
estrogen to normal subjects, to patients with treated myxedema, and to pa- 
tients with treated hypopituitarism. Estrogen-induced increase in the bind- 
ing of thyroxine by TBG is, therefore, independent of a functioning hypophys- 
eal-thyroidal system (173). The converse of the paradox observed during 
normal pregnancy exists in nephrosis, wherein profound abnormalities in 
plasma proteins are accompanied by decreased concentrations of SPI with- 
out myxedema. In most studies thyroxine-binding activity of circulating 
TBG and possibly of TBPA appears to be reduced and appreciable quantities 
of the binding-protein-thyroxine-complex are demonstrable in the urine 
(174). Since moderate decreases in the concentration of SPI had been ob- 
served in individuals receiving androgen or salicylate, studies of the effects 
of these agents upon TBG were also made (175, 53). Methyl testosterone or 
salicylate induces effects opposite to those of estrogen; namely, a parallel 
reduction in concentrations of SPI and in thyroxine-binding avidity of TBG. 
Equilibrium dialyses performed between sera, one of which contained sali- 
cylate and I'*!-labelled thyroxine added in vitro, demonstrated that salicylate 
interferes with the binding of thyroxine [Christensen (176)]. An instance of 
reduced or absent TBG has been described in a eumetabolic man with levels 
of SPI in the myxedematous range. This unique observation was taken to 
indicate the lack of a physiological role for the interaction of thyroxine with 
TBG (177). However, total absence of TBG was not demonstrated by the 
techniques employed, and studies were performed prior to the appreciation 
of the presence of TBPA. 

Relation of protein binding of thyroxine to its turnover.—In all of the fore- 
going clinical circumstances, altered thyroxine binding by circulating TBG 
is associated with parallel changes in SPI. This parallelism is consistent with 
the hypothesis established from in vitro studies that the static distribution of 
thyroxine between extracellular and cellular binding moieties is conditioned 
by the relative abundance of binding sites on the cell surfaces and in the ex- 
tracellular fluid. The hypothesis appears to be supported further by its 
kinetic corollary, namely, that the fractional rate of peripheral turnover of 
thyroxine is inversely proportional to the avidity for it of binding proteins in 
the extracellular fluid. Thus, the administration of large doses of estrogen 
causes marked retardation in the fractional rate of peripheral turnover of 














THE THYROID 635 


thyroxine (178, 179). A similar association of increased circulating TBG with 
slowing of turnover occurs during acute hepatitis [Vannotti (57)]. Con- 
versely, administration of methyl testosterone accelerates the rate of pe- 
ripheral thyroxine turnover. Administration of adrenal glucocorticoids, on 
the other hand, alters appreciably neither circulating TBG nor the rate of 
thyroxine turnover |Ingbar & Freinkel (180). It has been appreciated during 
such indirect studies that these alterations in turnover might be but coin- 
cidental effects of the agents upon the cellular metabolism of thyroxine. 
Establishment of the relationship between circulating levels of thyroxine- 
binding moieties in the circulation and the peripheral metabolism of the hor- 
mone must await, therefore, studies of the effects of the administration of 
the purified binding components in quantities sufficient to produce changes 
approaching those observed during estrogenic therapy or normal pregnancy. 

That thyroxine-binding protein interactions are not the sole determinants 
of the rate of peripheral metabolism of the hormone is apparent from several 
additional studies. Thus, marked acceleration of the fractional rate of its 
peripheral turnover, unaccompanied by any abnormality of TBG, has been 
observed in instances of both untreated and treated thyrotoxicosis (164, 181, 
182), in non-thyroidal states accompanied by hypermetabolism [Sterling & 
Chodos (183)], and in certain euthyroid relatives of patients with Graves’ 
disease (184). It is not yet known, however, which of these states might be 
accompanied by changes in TBPA (vide infra). It has long been suspected 
that the thyroidal elaboration in thyrotoxicosis may be abnormal. Studies of 
this possibility suggest that the thyrotoxic patient may exhibit an abnor- 
mality in the thyroid hormone-plasma protein complex [Freedberg & 
Hamolsky (185)]. A greater uptake of thyroxine by erythrocytes was found 
from thyrotoxic sera than from euthyroid sera containing comparable quan- 
tities of TBG and enriched to comparable levels of SPI. That an abnormal 
complex does exist, in a sense, is indicated by the observation of markedly 
reduced or absent levels of TBPA in sera of those thyrotoxic patients who 
exhibit the abnormality, a finding shared with a variety of acute and chronic 
non-thyroidal illnesses [Richards, Dowling & Ingbar (186)]. 

The principal determinant of the fractional rate of cellular metabolism of 
thyroxine would thus appear to be the rate of cellular metabolism of the hor- 
mone along pathways of utilization and degradation. Under the circum- 
stances cited above, alterations in the thyroxine-binding moieties within the 
extracellular fluid appear to exert a rate-limiting influence on the peripheral 
metabolism of the hormone although the hypothesis has not been directly 
proved. Recent observations of relatively abrupt changes in TBPA suggest 
a possible role for this factor in regulating the accessibility of thyroxine to 
tissues which exhibit special hormonal requirements that are induced by non- 
thyroidal alterations in bodily economy. 

Enterohepatic circulation of thyroxine——Further to be considered in the 
regulation of peripheral thyroxine metabolism is its enterohepatic circula- 
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tion. Thyroxine accumulated by hepatic cells is secreted into the bile un 
changed or conjugated in glucuronyl, sulfate, a-keto, and possibly o-methyl 
form to enter the gastrointestinal tract where hvdrolysis of the conjugates oc- 
curs [a topic reviewed by Roche & Michel (187) and in part by Flock et a! 
(188)]. Liberated thyroxine is reabsorbed into the circulation. In the rat. 
appreciable gastrointestinal losses of hormone are induced by the feeding of 
casein, soya flour, or cellulose (189). Thus, it has been suggested that exces- 
sive gastrointestinal losses of hormone could play a part in the pathogenesis 
of certain varieties of hyperfunctioning goiter [Van Middlesworth (190)}]. 
Since, in contrast to the rat, the enterohepatic circulation of thyroxine in 
man is relatively small (191), it is doubtful that disturbances in gastroin- 
testinal function would contribute to appreciable losses of hormone from the 
body. Hepatic damage in both man and the rat leads to increase in SPI, de- 
crease in the quantity of thyroxine-glucuronide excreted in the bile, and de- 
crease in thyroidal accumulation of I', but without alteration in metabolic 
status (57, 192). A heretofore unexplored aspect of the hepatic metabolism 
of thyroxine is the significance of low levels of glucuronide synthesis in the 
fetal liver and the possible effects of this phenomenon on the metabolism of 
the hormone at a time of rapid growth and development of the fetus, and 
during differentiation of the hypophyseal-thyroid system. 


THE PERIPHERAL ACTIONS OF THYROID HORMONES 


Only a part of the interplay of the metabolism of iodine with other mech- 
anisms which regulate bodily economy has been summarized in the foregoing 
sections. Additional important interactions exist between thyroidal economy 
and the function of other endocrine systems. Thus, hyperthyroidism accel- 
erates and myxedema retards the biosynthesis and metabolism of adrenal 
glucocorticoids (193, 194). An enzymic basis for this interaction is suggested 
from the findings of increased hepatic capacity for in vitro reduction of the 
A-ring of cortisone in tri-iodothyronine-treated rats [Yates et al. (195)], and 
increase in the hepatic microsomal, TPNH-dependent, A‘-3-ketosteroid hy- 
drogenase in thyroxine-treated rats [McGuire & Tomkins (196). Of in- 
terest are the observations that adrenal corticoid synthesis is also regulated 
by TPNH and that the effect is consistent with an action of thyroid hormone 
in transhydrogenase activity under circumstances in which the specific 
TPNH-cytochrome-c reductase is deficient (vide infra). That thyroxine ex- 
erts a direct effect upon the metabolism of androgens is indicated by the 
finding of increased conversion of androgen to androsterone and decreased 
conversion to etiocholanolone in both animals (197) and man [Hellman et al. 
(198)]. The reverse effect has been noted in myxedematous subjects, and an 
important role of this phenomenon in disturbances of lipid metabolism has 
been suggested (198). 

Whether the phenomenon is related to the foregoing direct effects upor 
the metabolism of other hormones or attributable to other interactions. 
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thyroxine appears capable of modifying the peripheral actions of other 
glandular elaborations. Thus, using the duration and degree of lymphopenia 
and eosinopenia as indices of responsiveness to exogenous glucocorticoid, re- 
sistance of thyrotoxic and inordinate sensitivity of hypothyroid mice and 
humans to the steroid have been described (199). The importance of nutri- 
tional factors in this antagonism is suggested from the observation that sur- 
vival of weanling rats fed diets deficient in sulfur-containing amino acids was 
shortened by large doses of thyroxine, whereas the deleterious effect on sur- 
vival was prevented by concurrent administration of cortisone [Aterman 
(200)]. This interaction may depend upon the capacity of glucocorticoids to 
mobilize amino acids from tissue stores, thereby meeting the increased de- 
mand for amino acid which is induced by hyperthyroidism. Contrary to this 
antagonism, both in animals and man the effects of thyroxine upon the action 
of adrenal medullary hormones are synergistic (201 to 203). Indeed, in the 
dog it has been suggested that the metabolic effects of enormous doses of 
thyroid extract might be ascribed solely to a potentiating action of thyroxine 
on responses to medullary hormones [Brewster et al. (204)]. Evidence earlier 
cited reveals that in man large doses of estrogens profoundly retard the rate 
of plasma turnover of thyroxine, and may affect its degradation in the 
periphery. Antagonistic effects of the two hormones upon oxidative metab- 
olism have been repeatedly suggested (173); the hypothesis has been re- 
viewed by Doisy & Lardy (205). 

The importance of thyroxine to the maintenance of normal calcium and 
phosphorus metabolism has been suggested from the observation that hypo- 
thyroidism exaggerates parathyroprivic tetany. Conversely, hypercalciuria, 
resulting from marked acceleration of the turnover of bone mineral, occurs in 
Graves’ disease [Krane et al. (206)]. The important morphogenic effects of 
thyroxine upon skeletal growth are illustrated by induction of local meta- 
morphosis when the hormone is implanted at the site of limb-bud develop- 
ment in anuran larvae (207). Fell & Mellanby (208) have further explored the 
morphogenic effects of thyroxine, utilizing tissue cultures of embryonic chick 
bones. Physiological amounts of tri-idothyronine or thyroxine induce pre- 
cocious hypertrophy of diaphyseal cartilage cells followed by earlier than 
normal cessation of mitosis and matrix formation. 

The effects of thyroid hormone on metamorphosis of anuran larvae, on 
growth and development of the skeletal and nervous systems, in establishing 
levels of efficiency of oxidative metabolism necessary to preserve mammalian 
homothermia, and on the governing of other hormonal actions upon target 
structures are difficult to explain on the basis of a single mechanism of ac- 
tion. Discovery of a variety of analogues of thyroxine within the tissues 
which exhibit special properties suggests that thyroid hormone may be in 
fact a spectrum of compounds which in consort exert the many actions at- 
tributed to the parent iodothyronine. 

Alterations of the thyroxine molecule by peripheral tissues.—T, (thyroxine) 
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is actively converted to 3,5,3’-T; by kidney, liver, myocardium, skeletal 
muscle, and brain. However, in the latter two tissues, T; is not a major 
product of deiodination of Ty. In brain, anatomical dissociation of deiodinat- 
ing activity exists, cerebral cortex exhibiting the highest activity [Tata 
(209).] The majority of activity resides in a soluble cytoplasmic fraction al- 
though some is present in microsomal fractions of brain substance. A useful 
tool has been provided for study of the physiological significance of the con- 
version of T, to T; in the form of butyl 4-hydroxy 3-di-iodobenzoate, a com- 
pound which appears to interfere competitively with the deiodination of T; 
[Wilkinson et al. (210)]. Many in vivo and in vitro studies of the metabolism 
of T, and T; have added conceptual complexity to an understanding of the 
nature of thyroid hormone by demonstrating that T;, rather than occupying 
a central physiological role in the metabolism of T4, is in fact a way-station 
along pathways of further molecular alterations of the parent molecule. Re- 
cent interest has also been stimulated by the finding in the thyroid of re- 
versed (3,3’5’-) Ts (147), a compound which peripherally is inert or is possi- 
bly antagonistic to T, [Pittman & Barker (211)]. Tri-iodothyronine is further 
deiodinated to 3,3’-T2, a compound which like its predecessors is both a prod- 
uct of thyroidal hormonogenesis (147) and of peripheral degradation [Roche 
et al, (212)]. In contrast to its forebears, Tz, does not appear to have a com- 
parable affinity for circulating proteins, since it is widely diffused within the 
body, is deiodinated rapidly, and a considerable proportion of the analogue 
is excreted promptly in the bile unchanged or in glucuronide form. In these 
respects this thyronine behaves much like iodotyrosines which are rapidly 
deiodinated by peripheral iodotyrosine deshalogenase, an enzyme with spe- 
cificity for the substituted tyrosine [Stanbury (213)]. The iodotyrosines dif- 
fer from the iodothyronines in that they are not products of the degradation 
of thyroxine or its analogues. Studies of the elimination of C' substituted 
within the thyronine nucleus of thyroxine reveal that an appreciable propor- 
tion of C appears in the bile and in the expired air of the rat over a 6-hr. 
period. Urinary losses of C™ are small (214). The physiological significance 
of the deiodination of thyroxine beyond tri-iodothyronine and of the degrada- 
tion of the thyronine nucleus remains uncertain. 

Of great recent interest has been the finding of specific tissue enzymes 
capable of profoundly altering the alanine side-chain of the thyronine mole- 
cule. Thus, in those tissues which contain deiodinating activity, deaminat- 
ing activity also occurs which is lost, however, during centrifugation of sub- 
cellular fractions (209). The enzymic activities which convert T, to T,A and 
T,K, and T; to T;A and T3K appear to reside in a soluble DPN-dependent 
mitochondrial fraction in a number of tissues [Tomita et al. (215); Tata et al. 
(216)]. Sonic disruption of mitochondria depresses the rate of deiodination 
but activates acetate formation from T, and T; [Albright e¢ al. (217)]. Of 
considerable interest is the fact that those tissues which are most active in 
producing transformations of the alanine side-chain are also the most sensi- 
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tive to the stimulatory effects of thyroid hormone (217). That deiodination 
of T, to T; in consort with alterations in the alanine side-chain may partici- 
pate importantly in augmenting activity is suggested by the observation 
that with one exception the T3-analogues exert more potent effects on oxida- 
tive metabolism than Ty-analogues [Pitt-Rivers (218); Roche et al. (219)]. 
The exception is the possible superior potency of T,A over T;A; existing 
disagreement concerning in vivo effects of these acetate analogues in man 
may relate to considerations of dose and of cellular uptake of the com- 
pounds (220, 221). The extremely rapid metabolic effects in vitro of the ace- 
tate analogues (222, 223), although not uniformly confirmed (224), lend 
weight to the physiological importance of structural modification of thyrox- 
ine. These findings cannot be construed to indicate that a specific analogue is 
the active hormone. Indeed, no activity has been unequivocally defined 
which did not reside in the parent thyroxine molecule. 

Metabolic activities of thyroxine analogues——The metabolic effects of 
many thyroxine-analogues have been compared in efforts to define the chemi- 
cal characteristics of the molecule which impart to it special attributes. The 
thyronine nucleus is devoid of activity, requiring 3,3’-substitution for mini- 
mal activity. The levo- are more potent than the dextro-isomers. Substituted 
halogens other than iodine decrease activity. The minimum molecular dis- 
tance between the benzene rings is provided by an ether or a thioether 
linkage. As indicated above, N-acyl derivatives, esters, and ketoacids have 
thyroxine-like activity (225). It has been suggested that the thyromimetic 
properties of thyroxine analogues are related to the electronic character of 
the diphenyl ether nucleus or of its ester side-chain as affected by substitu- 
tions at the sites of iodination of the thyronine nucleus in such a manner 
that electron-releasing groups have higher activities [Bruice et al. (226)]. 

The ability of thyroxine to chelate certain cations has continued to stim- 
ulate speculation that certain of the metabolic effects of the hormone are re- 
lated to binding of Mgt*, Mnt*, Zn**, Ca**, or Cut* by the molecule 
(227). The difficulty in differentiating between primary and secondary ef- 
fects of these cations has precluded definition of a possible chelating role of 
the hormone in its metabolic activity. It has been observed, however, that 
dietary magnesium deficiency in rats abolishes the capacity of the animal to 
adapt to cold-exposure. Replenishment of magnesium restores this capacity 
and augments the metabolic effectiveness of administered thyroxine [Vitale 
et al. (228)]. This phenomenon, rather than implying a specific relationship 
between magnesium and thyroxine, would appear to illustrate the general 
role of magnesium as an enzyme activator. 

It is possible that neither thyroxine nor tri-iodothyronine fully accounts 
for the hormonal activity of thyroidal elaborations. Thus, administration of 
TSH appears to exert a more abrupt effect upon basal oxygen consumption 
and pulse rate in normal males than do large doses of tri-iodothyronine. The 
effects of TSH on excretion of sodium and potassium were greater than 
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those observed with tri-iodothyronine. That a peripheral effect of TSH did 
not occur was revealed by the absence of measurable effects of the tropin in 
myxedematous patients [Hetzel et a/. (229)]. These findings are consistent 
with the unexplained observation that crude thyroid extract may be more 
potent than can be accounted for by its thyroxine content. 

Effects of thyroxine on enzyme systems.—Interest in the effects of thyrox- 
ine or its analogues on succinate oxidation has continued since the finding in 
1951 that the hormone increases the oxygen consumption of fresh heart 
homogenates incubated with succinate as substrate [Gemmill (230)]. That 
this effect is secondary to inhibition of malate oxidation, which appears to 
prevent the accumulation of oxaloacetate and thereby facilitates the oxida- 
tion of succinate, is suggested by the work of Wolff & Ball (231). Since other 
analogues with im vivo activity produce the effect and the consequent accu- 
mulation of malate appears to be an untenable physiological concept, it has 
been argued that this in vitro activity does not represent an 1m vivo action of 
the hormone [Barker (232)]. It was suggested that the effect of thyroxine on 
succinate oxidation might result from chelation of Zn**, a co-factor essential 
for succinic dehydrogenase, or that the effect could result from competition 
with DPN, the acceptor for hydrogen in the sequence. This hypothesis sug- 
gested further search for inhibitory effects of thyroxine upon a variety of de- 
hydrogenases, effects which, indeed, have been found [Wolff & Wolff (233)]. 
A further explanation for this effect was suggested by Kripke & Benes (234): 
namely, that thyroxine preserves the activity of succinate cytochrome-c re- 
ductase, thereby acting as a reducing agent and protecting labile forms from 
oxidation. 

Considering the widely varied enzymic activities influenced by thyroxine 
and its analogues, it has been appreciated that an underlying alteration in 
the availability of high-energy phosphate esters could account for many of 
the observed effects. Maruyama & Kobayashi (235) noted acceleration of the 
breakdown of ATP in canary liver mitochondria preincubated with DL- 
thyroxine in the presence of mouse serum, an effect earlier observed by Lardy 
& Maley in hepatic mitochondria of aged rats (236). Without added serum 
the effect was less. Although a specific contribution of the added serum was 
suggested, the addition may only have produced binding surfaces which pre- 
vented the appreciable glassware binding which occurs at low concentrations 
of thyroxine (167). The effect upon the splitting of high-energy phosphate 
esters was further demonstrated by Harary (237) who found increased acyl 
phosphatase activity in liver and muscle of thyroxine-treated animals. Of 
interest was his observation that thyroxine added in vitro inhibits acyl phos- 
phatase activity. Such apparently divergent actions in in vivo and in vitro 
systems are not uncommon in studies of the effects of this hormone at the 
cellular level. 

Several other inhibitory effects of thyroxine upon enzyme systems have 
been recently described. One of the more interesting of these is the inhibition 
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of cysteine disulfhydrase and alanine-glutamic transaminase, enzymes re- 
quiring pyridoxal-5-phosphate, by treatment of animals with DL-thyroxine 
{Horvath (238)]|. The effect was reversed by in vivo replacement or in vitro 
addition of pyridoxine, a finding suggesting that the depression is not 
specifically related to lack of ATP required in the phosphorylation of the 
vitamin. This study extends the complexity of the interrelations of thyroxine 
with intermediary metabolism, emphasizing the close relationship long 
inferred between nutritional cofactors and its actions. The physiological sig- 
nificance of the work is underscored by the finding of xanthurenic acid in the 
urine of thyrotoxic subjects after the administration of tryptophan, an 
amino acid the metabolism of which is Be-dependent, and the confirmatory 
finding of decreased kynureninase activity in the livers of thyrotoxic rats 
[Kotake (239)]. 

Along with earlier-demonstrated effects of thyroid hormone on the un- 
coupling of oxidation from phosphorylation, two further attempts to under- 
stand the mechanism of action of the hormone are of particular interest. One 
of these, an effect of thyroxine and its analogues upon the permeability of 
mitochondria, is particularly attractive. It lies within an area of biochemical 
interest long recognized but difficult to approach, the role of alterations in 
the anatomic integration of enzymic systems in the determination of meta- 
bolic pathways. It has been noted that thyroxine initiates mitochondrial 
swelling at concentrations insufficient to uncouple oxidation from phos- 
phorylation [Tapley (240)]. At higher concentrations, swelling precedes un- 
coupling. Dinitrophenol, a powerful uncoupler, induces no mitochondrial 
swelling. Adenosinetriphosphate reverses the swelling; TsA induces a more 
prompt effect of greater magnitude than other analogues and the effect of 
this compound is not reversed by ATP (241). Calcium induces the effect, and 
magnesium reverses the effect induced by thyroxine (242). Mitochondria 
from thyrotoxic animals are larger than those of eumetabolic animals and 
are more responsive to in vitro additions of thyroxine. Mitochondria from 
hypothyroid animals are smaller than normal (243). Mitochondria bind 
thyroxine and tri-iodothyronine and compete with ovine serum for these 
analogues {Klemperer (244)]. Yet, the concentration in vitro of thyroxine 
estimated to be required for the induction of mitochondrial swelling is much 
greater than that needed to demonstrate the effect im vivo (244), suggesting 
that either the disruption of the cell during preparation of mitochondria de- 
creases the sensitivity of the particle or that metabolic alteration of thyroxine 
is necessary for the effect (245). Thus, part of the difficulty in interpreting 
this phenomenon appears dependent on the manner in which mitochondria 
are prepared and also upon the nature of co-factors and substrates employed 
in the incubations |Bronk (246)]. That the phenomenon is insufficiently gen- 
eral to account for the in vivo effects of thyroid hormone has been suggested 
by the observation of stimulation by tri-iodothyronine of the erythrocytic 
hexose monophosphate shunt that had been activated by methylene blue 
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[Necheles & Bentler (247)]. Thus, an in vitro effect was observed in cells not 
known to have mitochondria. 

Several studies of the relationship between metabolic status and electron 
transport to pyridine nucleotides have been made, a subject reviewed by 
Stein, Kaplan & Ciotti (248). In 1957 Ball & Cooper (249) suggested that 
some of the diverse effects of thyroid hormone might be accounted for by an 
inhibitory effect of thyroxine upon the transhydrogenase which continu- 
ously catalyzes the generation of balanced supplies of the pyridine nucleo- 
tides according to the reaction: 

DPN + TPNH = TPN + DPNH 


Thus, these co-factors are made available in equilibrium regardless of the 
preponderant compound generated from metabolic processes. It was rea- 
soned that inhibition of the enzyme would either retard processes requiring 
TPN or that accumulated TPNH would be oxidized through the mediation of 
the specific TPNH-cytochrome-c reductase, a pathway unassociated with 
phosphorylation. Uncoupling of oxidation from phosphorylation would re- 
sult. The specific increase in activity of TPNH-cytochrome-c reductase but 
not of DPNH-cytochrome-c reductase found in hyperthyroid rat livers is 
consonant with an effect of thyroxine on shunting energy away from phos- 
phorylation by this route [Phillips & Langdon (250)]. However, in the highly 
selective subcellular dissection employed by Fairhurst ef al. (251), hepatic 
mitochondria from rats treated with physiological doses of thyroxine ex- 
hibited an increase in TPNH-cytochrome-c reductase activity, but not the 
expected dissociation of oxidation from phosphorylation. The increase in 
TPNH-cytochrome-c reductase activity would also result in an increase in 
metabolic processes proceeding over TPN-linked oxidations, such as glucose- 
6-phosphate dehydrogenase or 6-phosphogluconic dehydrogenase in the hex- 
ose monophosphate shunt. Recently, the effect of thyroxine on transhydro- 
genase activity has been confirmed by Stein, Kaplan & Ciotti (248) employ- 
ing a new assay in mitochondrial systems using the acetylpyridine analogues 
of DPN and TPN. The rate of reaction of the TPNH-DPN transhydrogena- 
tion is then directly measured from changes in the spectral absorption of the 
nucleotides at 375 my. Both thyroxine and tri-iodothyronine depress the 
sensitive reaction 


TPNH + acetylpyridine-DPN = TPN + acetylpyridine-DPNH 


whereas 2,4-dinitrophenol exerts no appreciable effect. 

If the foregoing hypothesis is correct, production of TPN, oxidized from 
accumulated TPNH by TPNH-cytochrome-c reductase would activate the 
TPN-dependent hexose shunt in tissues where the shunt exists. When acti- 
vated, more TPNH generated by the shunt would again be oxidized without 
coupling to phosphorylation. Addition of methylene blue, by facilitating this 
oxidation, would be expected to exaggerate further any effects of thyroid 
hormone on systems relatively deficient in the cytochrome systems, as found 
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in the erythrocyte (247). Conversely, in the face of deficiencies of electron 
acceptors for TPNH, thyroid hormone should have either no effect or a de- 
pressant effect on shunt activity, a finding contrary to the observation of 
Necheles & Bentler (247) of at least small increases in shunt activity in the 
red cell incubated without methylene blue. Furthermore, it is not known if 
the erythrocyte contains transhydrogenase. A number of studies of other tis- 
sues have been interpreted as indicating stimulation by thyroxine in vivo 
of the glycolytic pathway as well as of the hexose shunt [Spiro & Ball (252)]. 
The decision as to how these several effects proceed, whether by some pri- 
mary stimulation of TPN-dependent pathways; by, a step removed, depres- 
sion of the interchange of H+ between TPN and DPN; or by alteration of 
other factors, may depend upon the rate-limiting steps involved, for example, 
the efficiency of the oxidation of TPNH through its specific cytochrome-c 
reductase. 

Many, but apparently not all, of the enzymic effects of thyroxine and its 
analogues and effects on widespread phases of intermediary metabolism are 
consistent with an effect of the hormone on TPNH-DPN transhydrogenase. 
Active interest continues, therefore, in the effects of thyroxine upon the com- 
plex, ‘‘coupled”” enzyme-catalyzed reactions in search for the fundamental 
i action of the hormone. Perhaps the ultimate action may reside not in direct 
inhibition or stimulation of some key enzymic system but rather in a physi- 
cochemical effect upon the architectural alignment of the linkages between 
enzyme-catalyzed chemical reactions. 
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respiration and, 262 

Acetylcholine 
arterial pressure and, 321 
bronchospasm and, 259 
heart content of, 300 
heart effects of, 283, 294- 

96, 298-300, 485 
hippocampus content of, 
474 


intestinal blood flow and, 
intestinal motility and, 
4 


lactation and, 84 

learning and, 517, 518 

liver circulation and, 484 

mammary growth and, 482 

mesenteric artery and, 
483 

neuron excitation and, 420, 
421, 425, 426 

potassium and, 300 

pulmonary circulation and, 
271, 486 

reticular formation and, 
454 

salivary secretion and, 
383 


taenia coli and, 479 
urethra resistance and, 


uterine motility and, 83 
Acid 
see Hydrogen ions 
Acid-base relations 
regulation of, 150-56 
Acidosis 
ammonia excretion in, 
150, 151 
glutamic acid and, 150 
hypochloremia and, 154 
mercurial diuretic action 
and, 137 
renal failure and, 154 
Actomyosin 
heart contraction and, 284, 


Adenohypophysis 
ACTH content of, 592-97 
cell types in, 58 
corticotropin-releasing 
factor in, 588-90 
gonadotropin content of, 
85 


grafts of, 618 
hypophyseal portal sys- 


SUBJECT INDEX 


tem, 583 
hypothalamic control of, 
586-94 
implantation of, 617, 618 
phosphatase of, 589 
phospholipids of, 589 
progressive destruction 
of, 623 
secretomotor innervation 
of, 582 
thyrotropin content of, 
617, 61 
thyrotropin secretion by 
see Thyrotropin 
tissue culture of, 586 
transplantation of, 86 
tumors of, 580 
Adenosine monophosphate 
adrenal secretion and, 
581 
Adenosinetriphosphate (ATP) 
biosynthesis of 
cell nuclei and, 29 
mitochondria and, 19 
heart contraction and, 
284, 301 
mitochondria swelling, 
641 
protein biosynthesis and, 
7 


thyroxine and, 640 
Adrenal cortex 
ACTH effect on, 601, 602 
aldosterone secretion by, 
601-6 
androgenic tumor of, 601 
androgens and estrogens 
of, 601 
ascorbate depletion in, 
475, 479, 480 
atrophy of, 480 
blood flow in, 580 
compensatory hypertrophy 
of, 480 
corticosteroid secretion by 
ACTH and, 580 
adrenal phosphorylase 
and, 581 
AMP and, 581 
amphenone and, 579 
anxiety, 479 
brain lesions and, 480 
cerebral cortex and, 584 
chlorpromazine and, 585 
diurnal rhythm in, 598 
epinephrine and, 590 
pregnancy and, 600 
seasonal change in, 598 
stalk section and, 582, 


stress and, 480, 590, 
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598, 599 
vasopressin and, 480 
vitamin Bg and, 581 
diesterase in, 601 
hypertension and, 579 
infancy handling and, 599 
metabolism of, 580, 581 
steroid analogues of, 147, 
579 
steroid hormones of 
amino acid deficiency 
and, 637 
biosynthesis of, 579, 
580, 636 
blood content of, 590-93 
congeners of, 147, 579 
gastric secretion and, 
385 
heart necrosis and, 300 
inactivation of, 328, 595 
metabolism of, 599-601 
plasma level of, 600 
protein binding of, 600 
thyroid function and, 
622, 636, 637 
transcortin and, 600 
utilization of, 592 
vascular muscle and, 324 
thyroid function and, 579 
vitamins in, 581 
X-zone of, 601 
zona glomerulosa of, 601, 


Adrenal gland 
adrenalectomy 
hypertension from, 339 
salt excretion and, 368 
blood flow in, 333 
demedullation of, 602 
electrolyte metabolism 
and, 143-47 
estrogen secretion by, 87 
hypertrophy of, 594, 596 
kidney function and, 
141-43 
reproduction and, 86, 87 
sex differences in, 595 
volume regulation and, 133 
weight maintaining factor, 
595 
Adrenal medulla 
see Epinephrine and Nor- 
epinephrine 
Adrenocorticotropic hor- 
mone (ACTH) 
adrenal ascorbate and, 
581, 582 
adrenal blood flow and, 
333 


adrenal effects of, 580, 
601, 602 








adrenal sex hormones and, 
601 


aldosterone secretion and, 
602-4 

alkalosis and, 155 

bioassay of, 580 

biochemistry of, 580-82, 
620 

blood content of, 592-93 

blood corticosteroids and, 
591, 593 

blood inactivation of, 596 

cell type secreting, 580 

drug blocking of, 585 

estrogen excretion and, 87 

fat metabolism and, 579 

liver glycogen and, 75, 76 

refractoriness to, 592 

secretion of, 580-99 

adrenalectomy and, 592, 
593 
afferent nerves and, 590, 


anesthetics and, 480 

blood ACTH level and, 
595 

chlorpromazine and, 585 

corticotropin-releasing 
factor, 588-90 

cortisone and, 592 

diphenylhydantoin and, 
585 


enhancement of, 588 
epinephrine and, 586, 590 
estrogens and, 594 
hydroxycorticosteroids 
and, 591, 593 
hypophyseal portal system 
and, 583 
hypothalamus and, 597, 
598, 604 
limbic system and, 591 
liver and, 595 
neural inhibition of, 596 
neurohypophysis and, 597 
posterior pituitary and, 
587 
releasing factor for, 480 
reticular formation and, 
591 
reviews on, 580 
Salicylates and, 584 
stalk section and, 583 
stress and, 590, 596-98 
testosterone and, 595 
vasopressin and, 586-88 
tumors secreting, 580 
zone glomerulosa and, 602 
Age changes 
adrenal zones and, 602 
blood flow and, 329 
corticosteroid metabolism 
and, 600 
17-ketosteroid excretion 
and, 601 
prematurity, 75 
senile ovary, 78, 83 
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stress responses and, 599 
thyroxine binding and, 634 
see also Fetus 


Albumin 


analbuminemia, 353 
catabolism of, 354, 355 
hypoalbuminemia, 354 
injection of, 372 
iodination of, 353, 354 
osmotic activity of, 353 
synthesis of, 354 


Aldosterone 


arterial pressure and, 
146, 320 

assay of, 365 

blocking agent for, 339 

blood content of, 365, 366 

catabolism of, 328 

congestive failure and, 328 

conjugation of, 605 

edema and, 147 

inulin space and, 146 

periodic paralysis and, 
147 


pineal extracts and, 366 

plasma potassium and, 
143 

plasma volume and, 144, 


progesterone and, 143, 
606 


secretion of, 601-6 
ACTH and, 602-4 
adrenalectomy and, 147 
aldosterone-secreting 

factor, 602, 603 
amphenone and, 579 
arterial pulse pressure 

and, 605 
brain lesions and, 603 
carotid constriction and, 

145 
diabetes insipidus and, 

604 


diencephalic control of, 
366, 481 

dietary potassiura and, 
604 


dietary sodium and, 604 
extracellular volume and, 
604 
glomerulotropin and, 603 
growth hormone and, 603 
hemorrhage and, 605 
hypophysectomy and, 
147 


hypopituitarism and, 601 
measurement of, 605 
plasma volume and, 606 
posture and, 336, 481, 
604, 606 
potassium and, 366, 602 
pregnancy and, 605 
reviews of, 141, 604 
serotonin and, 603 
trauma and, 604 
vagus nerves and, 145, 
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481, 605 

vena cava constriction 
and, 144, 145, 147, 
481, 604, 605 

volume regulation and, 
336, 366 

zone glomerulosa and, 
602 


sodium excretion and, 141, 
142, 365, 606 
spirolactones and, 606 
tissue electrolytes and, 
144, 146 
tubular function and, 141 
urinary forms of, 605 
urine content of, 366 
Aliesterase 
adrenal content of, 601 
Alimentary tract 
see Digestive system and 
individual organs 
Alkalosis 
hypokalemic, 155 
mercurial diuretic action 
and, 137 
metabolic, 248, 249 
steroids and, 155 
Amino acids 
blood pigment content of, 
202, 222, 230 
dietary deficiency of, 637 
embryo content of, 107 
enzymes specific for, 37 
genetic coding and, 67, 68 
incorporation with proteins 
cell structure and, 17, 23 
cytoplasm and, 37 
RNA and, 33, 34, 37 
intestinal absorption of, 
389 
kidney ammonia and, 151 
kidney excretion of, 117 
Aminobutyric acid 
see Gamma-aminobutyric 
acid 
p-Aminohippurate 
kidney excretion of, 116, 
117, 119, 120 
Ammonia 
blood content of, 253 
gill excretion of, 133 
kidney excretion of 
acidosis and, 150, 151 
amino acid precursors 
of, 151 
sodium deficiency and, 
151 


tubular site of, 120, 135, 
152 
Amphenone 
adrenal secretion and, 579 
Amygdala 
appetite and, 508 
arterial pressure and, 483 
brainstem connections 
with, 459 
corticosteroid secretion 
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and, 480 
emotion and, 473, 507, 516 
epileptic seizures and, 453 
hypersexuality and, 508 
Androgens, 76, 77 
absorption of, 87 
adrenal secretion of, 601 
adrenal X-zone and, 601 
anabolic effects of, 80 
appetite and, 76 
blood content of, 75, 76 
corticosteroid degradation 
and, 600 
deoxycorticosterone and, 


exopthalmos and, 86 
female secretion of, 76 
metabolic effects of, 87 
metabolic products of, 76, 
17 
metabolism of, 636 
seminal vesicles and, 75 
sexual development and, 
86, 87 
thyroid activity and, 622, 
634, 635 
Anemia 
blood flow in, 331 
coronary flow and, 293 
erythroporesis in, 370 
sickle-cell, 261 
Anoxia 
see Oxygen deficiency 
Antibodies, formation of, 17 
Antidiuretic hormone 
adrenal steroids and, 143 
bioassay of, 128, 129, 364 
hyaluronidase and, 125 
kidney water excretion 
and, 
metabolism and, 129 
plasma volume regulation 
and, 129 
precursor of, 364 
pressure breathing and, 329 
prolonged administration 
of, 126, 127 
secretion of 
dehydration and, 128 
neurosecretion and, 128 
plasma volume and, 129 
stimuli for, 364 
volume regulation and, 
364 
sodium excretion and, 129 
thirst and, 128 
tissue permeability and, 
129-32 
tubular function and, 125- 
27, 129, 131 
turnover of, 372 
urinary content of, 364 
vasopressin and, 128 
Anxiety 
reticular formation and, 
516 
Aorta 
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circulation in, 317 
coarctation of 
renal circulation and, 114 
elasticity of, 317 
flow rate in, 290 
protein transfer in, 318 
pulse waves in, 321 
receptors in 
respiration and, 484 
wall composition of, 140, 
141 
Appetite 
amphetamine and, 509 
hyperphagia and, 458 
hypothalamus and, 488, 
489, 509 
limbic system and, 458, 
508 


sodium, 147, 364 
testosterone and, 76 
Arginine 
insect muscle and, 175 
invertebrate tissues and, 
178 
Arterial pressure, 320, 321 
age changes in, 320 
aldosterone and, 146, 320, 
605 
brain stimulation and, 483 
carotid occlusion and, 336 
conditioning of, 483 
coronary flow and, 332 
dietary restrictions and, 
321 
digitalis drugs and, 305 
epinephrine secretion and, 
481 


hypothermia and, 337 
hypoxia and, 298 
measurement of, 321 
pancreas receptors affect- 
ing, 484 
parturition and, 82 
pitressin and, 146 
potassium and, 140, 141 
reserpine and, 336 
sodium and, 140, 146, 320, 
321 
sympathetic and, 288 
tissue pressure and, 319 
vagal stretch reflexes and, 
246 
Arteries 
pressure gradients in, 329 
pulse waves in, 321, 322 
temperature effects on, 337 
volume pulse in, 484 
see also Aorta 
Arteriovenous anastomoses 
muscle and, 331 
vessel growth and, 350 
Arteriovenous fistula, 114, 
318 
Ascorbic acid 
adrenal cortex and, 581- 
84, 586, 587 
Atropine 





gastric secretion and, 384 
Attention 
cerebral cortex and, 451 
reticular formation and, 
453 


Bacteria 
conjugation of, 46, 47, 64, 


68 
gene replication in, 48-52, 
55 


lysogens of, 47 
metabolism of, 53 
phage action on, 54 
transduction of, 48 
Bacteriophages 
genetic structure of, 54, 
55 
Barostatic reflexes 
aldosterone secretion and, 
145 
mesenteric artery and, 
336 


monary circulation and, 
272, 334 
see also Carotid sinus re- 
flexes; Pressoreceptors 
Basal ganglia 
motor functions of, 448 
see also Corpus striatum 
Bicarbonate 
kidney handling of, 152-54 
pancreatic secretion and, 
398 
renal excretion of, 120 
Bile 
cholesterol absorption and, 
394 


formation of, 398, 399 
Bile ducts 
distention effects, 448 
Bilirubin 
lymph content of, 399 
metabolism of, 399 
Bladder 
absorption from, 126 
afferent paths from, 477, 
489, 490 
nervous control of, 490 
permeability of, 125, 129, 
130 
pressure in, 158 
spinal control of, 445 
thermal sensations from, 
489 
urethral resistance, 490 
urine output and, 158 
see also Micturition 
Blood 
diving animals and, 205 
oxygen transport in, 214- 
21 


pigments of 
chromatography of, 222, 
223 








combined forms of, 222 
electrophoresis of, 222, 
223 
heterogeneity of, 222-31 
infraspecific differences 
in, 222-23 
ontogenetic changes in, 
222- 
sludging of, 325 
thalassemia, 224, 229 
viscosity of 
erythrocyte shape and, 
221 
Blood clotting 
stress and, 473 
Blood flow 
age and, 329 
anemia and, 331 
dye dilution studies of, 
331 
electromagnetic measure- 
ment of, 290 
general aspects of, 318- 
27 


hypoxemia and, 331 

mathematical analysis of, 
320 

measurement of, 290, 331 

metabolic regulation of, 
330 


pressure pulses and, 321 

tissue pressure and, 319 

tissue sodium clearance 
and, 331 

venous pressure and, 
318, 319 

Blood volume, 337, 338 

aldosterone and, 144, 145 

antidiuretic hormone and, 
129 

arteries and, 142 

barostatic reflexes and, 
145 

container of, 349, 350 

deoxycorticosterone and, 
361, 362 

expansion of, 372 

hemorrhage and, 356, 360 

high altitude and, 371, 372 

hypothermia and, 304, 337 

lactation and, 84 

limits for survival, 362 

model for, 351-58 

norepinephrine and, 373 

plasma colloids and, 353- 
61 

plasma water shifts, 358- 
66 


pregnancy and, 82 

red corpuscle volume, 
366-71 

regulation of, 133, 142-45, 
349-73 

restoration of, 356 

review on, 337 

servomechanism control 

of, 372 
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sodium excretion and, 133, 
142 


sodium salts and, 361 
transmural pressure and, 
350 

undernutrition and, 362 

uterine contraction and, 83 

vagus nerves and, 145 

water deprivation and, 359 

see also Plasma volume 
Body size 

Bohr effect and, 220 


Bone 


calcium mobilization from, 
637 
carbon dioxide of, 154, 255 
chloride content of, 140 
estrogen effects on, 87 
growth of, 637 
phosphate content of, 87 
sodium content of, 139, 
146, 364 
thyroid hormones and, 637 
Bone marrow 
circulation in, 333, 488 
erythropoiesis in, 368- 
70 


hemoglobin formation in, 


Bradykinin 
salivary blood flow and, 
476 


skin blood flow and, 329, 


Brain 
aldosterone secretion and, 
48 


capillaries of, 322 

carbon dioxide content of, 
154 

chemical processes in, 


circulation in, 333 
arousal and, 450 
carbon dioxide and, 255, 
333 
drug effects on, 333 
EEG and, 450 
methods for study of, 
460 
nervous control of, 333 
reviews on, 333 
corticosteroid secretion 
and, 480 
diurnal rhythms and, 598 
electrical activity of 
atropine and, 515 
behavior and, 449-52 
brain blood flow and, 450 
coma and, 516 
conditioning and, 511-13 
cortical arousal and, 
450, 454 
epileptic seizures and, 
452, 453 
epinephrine and, 450, 474 
fetal, 76 
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hypoglycemia and, 453 
ontogeny of, 449 
sleep and, 450, 451 
strychnine and, 452 
synchronization of, 451 
hypoxia effects on, 255 
osmolality of, 148 
self-stimulation of, 516, 
517 
“spreading depression" 
in, 450 
stereotaxic anatomy of, 
460 
stomach motility and, 477 
thyroxine conversion in, 
638 


see also Nervous system, 

somatic functions of 
Brainstem, 453, 454 

afferent excitation of, 440 

anatomy of, 454 

basal ganglia and, 459 

circulatory centers in, 
335 

consciousness and, 450, 
451 


epileptic seizures and, 453 
gamma afferents and, 443 
pain mechanisms in, 441 
respiration control by, 245 
reviews on, 453 
sensory mechanism in, 
441-43 
Bronchi 
airway resistance and, 
257-59 
bronchopulmonary anasto- 
moses, 272 
drugs dilating, 259 
innervation of, 259 
patency maintenance, 258 
pressures in, 258 
volume changes in, 258 
Bronchioles 
newborn, 257 


Cc 


Calciferol 
kidney function and, 125 
Calcium 
bone mobilization of, 637 
fractions of, 157 
heart muscle contraction 
and, 284, 286, 300, 304 
intestinal absorption of, 
397 
kidney concentrating power 
and, 125 
thirst and, 126 
ultrafilterability of, 156, 
157 
Callicrein 
excretion rate of, 320 
Capillaries, 322-25 
anatomy of, 317, 323 
colloid transfer by, 318 
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intermittent flow in, 324 

malignant tumors and, 324 

membrane of, 350, 351 

mosaic model of, 350 

permeability of, 322-25, 
350 


plasma skimming in, 324 
pore sizes in, 322, 350 
stress changes in, 324 
structure of, 351 
transcapillary pressure, 
357, 358 
transfers in 
capillary area and, 323 
mathe matical analysis 
of, 322 
regional differences in, 


water transfer in, 351-66 
Carbohydrate metabolism 
comparative aspects of, 
169-85 
fish migration and, 181 
insect flight and, 172-74 
trehalose, 170, 173 
Carbohydrates 
intestinal absorption of, 
388 
Carbon dioxide 
blood content of, 156 
brain blood flow and, 333 
carbonic anhydrase and, 
262 


gradients in body, 262 
hypercapnia, 254, 255 
hypocapnia, 255 
cerebral hypoxia and, 
255 
epinephrine and, 254 
speech and, 255 
hypochloremia and, 254 
intracellular pH and, 155 
intravenous injection of, 
255 


kidney circulation and, 
329, 488 

measurement of, 263 

neuron acidity and, 426 

neuron excitation and, 424 

oxygen cost of breathing 
and, 259 

oxygen equilibrium curves 


partial pressures of, 262, 
263 


plasma pH and, 154 

pulmonary circulation and, 
327 

renal circulation, 115 

respiratory control by, 
247-49 

retention of, 247, 248 

sensory-sensory reflexes 


skin blood flow and, 331, 
332 


storage of, 255 
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tissue content of, 154, 


transport of, 262 

urine content of, 154 

venous circulation and, 327 

Carbon monoxide 

blood content of, 231 

blood pigments and, 197, 
200, 209, 214, 223 

brain function and, 255 

carboxyhemoglobin, 261, 
262 


tissue production of, 231 
tissue respiration and, 218 
tolerance to, 262 
Carbonic anhydrase 
carbon dioxide transport 
and, 262 
gastric secretion and, 
383, 384 
inhibitors of, 262 
kidney function and, 152, 
153 
uterine content of, 87 
Cardiac muscle 
see Muscle, cardiac 
Cardiac output 
see Heart, output of 
Carotid bodies 
see Chemoreceptors 
Carotid sinus 
baroreceptors in, 251 
chemoreceptors in, 251 
comparative morphology 
of, 335 
extrasystoles and, 298 
nerve of, 330 
sympathetic effect on, 
336 


syndrome, 285 
Carotid sinus reflexes 
epinephrine secretion and, 
481 


pulmonary circulation and, 
483 


receptors for, 483 
sinus nerve stimulation, 


see also Barostatic re- 
flexes 
Cartilage 
growth of 
growth hormone and, 483 
pitressin and, 483 
thyroid hormones and, 637 
Caudate nucleus 
learned responses and, 
510 
Cells 
active transport in, 214 
constituents of 
separation of, 17, 18 
cytoplasm of 
DNA and, 20, 21 
metabolism of, 36 
nuclear relations to, 
17-36, 69 


protein synthesis and, 
35-39 
sol-gel changes in, 20 
division of 
DNA synthesis and, 21, 
22, 25 
RNA synthesis and, 25, 
30, 32 
endoplasmic reticulum of, 
37, 38 
growth of 
nuclei and, 20 
homogenates of 
preparation of, 17 
internal buffer capacity 
of, 156 
isotonicity of, 148, 149 
microsomes of, 53 
protein synthesis and, 
18, 37, 38 
microsurgery of, 97 
mitochondria of 
see Mitochondria 
nuclei of 
cell growth and, 20, 34 
cytoplasm state and, 20 
cytoplasmic damage to, 
69 
differentiation and, 98 
DNA synthesis and, 20- 
24, 96 
function of, 17-36 
hemoglobin in, 193 
membrane of, 19, 28-31 
metabolism of, 19, 29 
nucleoli of, 27-31 
protein synthesis and, 19, 
23-35 
radiation damage to, 34 
removal of, 19, 20, 32- 
35, 97 
RNA synthesis and, 24- 
33 


transplantation of, 17, 
23, 29, 30, 32, 34, 69 
permeability to acid, 155, 
156 


sodium extrusion from, 
149 

water content of, 149, 150 

Cerebellum 

afferent excitation of, 442 

anatomy of, 454 

bladder afferents and, 477 

collicular paths to, 567 

effects on afferent units, 
443 

electrical activity of, 454 

isolated slabs from, 459 

motor functions of, 448 

removal of, 454 

review on, 454 

stomach afferents and, 477 

tectocerebellar paths, 567 

visual responses in, 566- 
69 

Cerebral cortex, 455-57 





afferent excitation of, 440, 


afferent paths to, 458 
arousal of, 443, 448-51, 
454, 458, 510, 513 
“associative responses" 

in, 442 
auditory areas in, 438, 
442, 502-4, 515 
bar-pressing and, 507 
caudate effects on, 456, 
457 
cholinesterase of, 517, 518 
classification of areas in, 
455 


color sensitivity and, 561, 
565, 566 
consciousness and, 457 
corpus callosum and, 457 
corticoreticular effects, 
459 
corticosteroid secretion 
and, 584 
effects on afferent units, 
443 
electrical activity of, 455- 
57 
conditioning and, 511-13 
see also Brain, electrical 
activity of 
electrical stimulation of, 
442 
endocrine functions and, 
619 


epileptic seizures and, 451 
epinephrine secretion and, 
481 


estrous cycles and, 86 
frontal lobe of 
attention and, 451 
delayed responses and, 
505 


discrimination capacity 
and, 504, 506 
hyperactivity and, 435 
GABA effects on, 456, 457 
learning and, 441, 457, 
506, 507 
localization in, 441 
motor area of 
excitability of, 449 
pyramidal neurons of, 
455, 456 
stimulation of, 449 
neuropil of, 455 
occipital lobe of 
non-visual functions of, 
506 


visual discrimination 
and, 503, 506 
organization of, 440, 441 
parietal lobe of 
discrimination capacity 
and, 504, 505 
recruiting responses in, 
459 


retinal representation 
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in, 563 
sensorimotor areas of, 500, 
1 


somesthetic discrimination 
and, 500 
"spreading depression" 
in, 507 
stomach afferents and, 477 
stomach secretion and, 476 
tactile areas of, 440 
temporal lobe of 
association areas in, 
503-5 
auditory function of, 504 
efferents to cochlea, 505 
illusions and, 515 
memory loss and, 515 
speech perception and, 
503 
stimulation of, 442 
visual discrimination and, 
504, 505 
visual fields and, 437 
testicular size and, 85 
touch mechanisms in, 500, 
501, 504-6 
transcortical spread in, 
457 
unit activity in, 441, 456 
visual mechanisms in, 437, 
442, 500-5, 510, 513, 
561-66 
Cerebrospinal fluid 
pH of, 156, 249 
pressure of, 132 
Chemoreceptors 
heart rate and, 254, 285, 
483 
medullary, 249 
metabolic, 252 
morphology of, 335 
pulmonary circulation and, 
249 
respiratory control by, 
246-51 
review on, 273 
Chlorides 
active transport of, 382-84 
body content of, 139 
intestinal exchanges of, 397 
plasma content of, 154 
renal excretion of, 254 
glycogen and, 118 
oxytocin and, 129 
plasma chloride and, 134 
reabsorption site, 120, 
122, 135 
salivary secretion of, 382 
skin penetration by, 157 
stomach secretion of, 383, 
384 


Chlorocruorin 
biosynthesis of, 206 
Bohr effect in, 211 
distribution of, 192, 194 

ecological role of, 216 

oxygen binding by, 194 





693 


prosthetic group of, 194 
Chlorothiazide 

diuretic action of, 136 

“free water" clearance 
and, 138 

hypertension and, 138 

potassium excretion and, 
137 

renal hemodynamics and, 
138 


renal tubular function and, 
120 


sodium excretion and, 137 
Chlorpromazine 
ACTH secretion and, 585 
adrenal hypertrophy and, 
585 
thyroid activity and, 622 
Cholesterol 
intestinal absorption of, 
393-95 
lymph content of, 393-95 
Choline 
crustacean muscle and, 
408 
nerve excitation and, 407, 
409 


Choline acetylase 
small intestine and, 479 
Cholinesterase 
autonomic ganglia and, 474 
heart content of, 300 
learning and, 517, 518 
Salivary glands and, 475 
Chromosomes 
bacterial, 46, 47 
biochemistry of, 96 
DNA synthesis in, 21, 22, 
27 
puffs in, 26, 27 
number in man, 68 
replication of, 51, 52 
RNA synthesis in, 22-29 
sex determination and, 68 
structure of, 27, 97 
Circulatory system 
architecture of, 349, 350 
central control of, 483 
see also Peripheral cir- 
culation 
Citric acid cycle 
see Tricarboxylic acid 
cycle 
Cochlea 
activation of, 438 
efferent nerves to, 505 
endocochlear potentials, 
438 


localization in, 438 
microphonics of, 438 
see also Hearing 
Colon 
decentralization of, 479 
propulsive reflexes of, 
479 


taenia of, 401 
nervous control of, 
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478, 479 
water exchanges in, 397 
Comparative physiology 
see Physiology, compara- 
tive 
Consciousness 
coma and, 516 
eye movements and, 445 
neural mechanisms of, 
449, 450, 451 
see also Sleep 
Copper 
corticosteroid degradation 
and, 600 
Coronary circulation 
see Heart, coronary cir- 
culation 
Corpus callosum 
cortical synergy from, 457 
somesthetic discrimina- 
tion and, 500 
thalamus affected by, 444 
visual discrimination and, 
501-3 
Corpus quadrigenimum 
anterior 
visual functions of, 568, 
569 


Corpus striatum, 454, 455 
afferent excitation of, 442 
cortical effects of, 456, 

457 
efferents from, 443 
motor functions of, 448, 
455 
unit responses of, 455 
Corticosterone 
blood content of 
bioassay for, 582 
potassium excretion and, 
143 
secretion of, 145 
stress and, 584 
sodium excretion and, 142 

Corticotropin 
see Adrenocorticotropic 

hormone 

Corticotropin-releasing 

factor 
ACTH secretion and, 588- 
90 


pituitary metabolism and, 
589 


plasma content of, 588, 589 

properties of, 588, 589 
Cortisol 

see Hydrocortisone 
Cortisone 

ACTH secretion and, 592 

alkalosis and, 155 

catabolism of, 328, 634 

histamine antagonism and, 

306 

lactation and, 84 

liver glycogen and, 75, 76 

stress resistance and, 599 

thymolysis and, 599 
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tissue electrolytes and, 
144 


water excretion and, 146 
Creatine phosphate 
see Phosphagens 
Cytochrome systems 
insect flight muscle and, 
174, 176 
invertebrate tissues and, 


Cytoplasm 
see Cells, cytoplasm of 


D 


Deoxycorticosterone 
alkalosis and, 155 
blocking agent for, 339 
catabolism of, 328 
extrarenal effects of, 143 
hypertension and, 339 
plasma potassium and, 


plasma water and, 361, 362 

potassium depletion by, 
125, 126 

potassium excretion and, 
143 


progesterone and, 143 

sodium excretion and, 142, 
143 

testes and, 76 

tissue electrolytes and, 
144, 146 

Deoxyribonucleic acid 

bacterial conjugation and, 

68 


biosynthesis of, 19, 23-27 
cell nuclei and, 20-24, 

28, 30, 31 

cell division and, 21-25 

cell location of, 20, 21 

cell transfer of, 48 

developmental role of, 

genetic function of, 20, 
24-27, 45-55, 64-67 

phages and, 47 

protein synthesis and, 23, 
27 


replication of, 48-50, 52, 
64, 96, 97 
resistance to antibiotics 
and, 97 
structure of, 21-25, 48, 
50, 52, 63 
Dextran 
capillary permeability to, 
350, 356 
storage of, 360 
Diabetes insipidus 
aldosterone secretion and, 
604 


electrolyte excretion in, 
129 


hypothalamus and, 481, 482 
neurohypophyseal defects 


and, 146 
thirst in, 128 
Diamox 
see Acetazoleamide 
Diencephalon 
aldosterone secretion and, 
366 
Digestive system, 381-401 
intestinal absorption, 386- 
96 
movement through, 388 
pancreatic secretion, 
397, 398 
salivary secretion, 381-83 
stomach secretion, 383-86 
Digitalis drugs 
actomysin and, 284 
Digitalis drugs 
arrhythmias and, 297, 298 
heart contraction and, 300, 
305 
heart metabolism and, 293 
heart potassium and, 146, 
300 
review on, 293 
Dinitro-o-cresol 
renal tubules and, 118 
Dinitrophenol 
heart potentials and, 293 
phosphorylation uncoupling 
and, 642 
protein-bound iodine and, 


renal tubules and, 116 
respiratory control and, 
247, 252 
Dyspnea 
see Respiration, dyspnea 


Edema 
aldosterone and, 147 
ascites formation, 323 
lymphatics in, 325 
mechanical factors in, 273 
rate of formation of, 323 
see also Lungs, pulmonary 
edema 
Electric organ 
heat responses of, 417 
Electrocardiography, 302, 
303 


see Heart, electrocardiog- 
raphy 
Electroencephalography 
see Brain, electrical 
activity of 
Electrolytes 
active transport of, 214 
excretion of, 133, 134 
metabolism of, 111-58 
tissue content of, 139-41 
vascular reactivity and, 
337 


see also Bicarbonate; 
Chlorides; Potassium; 


Sodium, etc. 
Electroretinography 
see Retina, electrical 
activity of; Vision, 
electroretinography 
Embryo 
amnion rocking of, 82 
metabolism of, 106, 107 
physiology of, 75 
yolk utilization in, 106, 
107 
see also Physiology, de- 
velopmental 
Emotion 
ACTH secretion and, 597 
ADH secretion and, 364 
adrenal ascorbate and, 583 
aggressive reactions, 516 
amygdala and, 516 
blood fatty acids and, 489 
cardiovascular effects of, 
306 
corticosteroid secretion 
and, 479 
handling in infancy and, 
599 
hypothalamus and, 516, 
583, 584 
limbic system and, 457, 
458, 507, 50 
liver circulation and, 327 
neural mechanism of, 473 
peptic ulcer and, 476 
reticular formation and, 
516 
spinal reflexes and, 445 
stomach secretion and, 476 
thyroid activity and, 622 
see also Anxiety 
Emphysema 
alveolar gas mixing in, 266 
dead space in, 264 
efficiency of breathing in, 
260 
gas diffusion in, 267 
pulmonary vascular resis- 
tance in, 271 
ventilation-perfusion ratio 
in, 266 
Enzymes 
biosynthesis of, 36 
complementation and, 59 
developmental role of, 
107, 108 
genetic functions of, 53, 
60-63 


glycolytic, 183, 184 

insect flight muscle and, 
174, 176, 177 

invertebrate, 171, 178 

isozymes, 69 

myocardial infarction and, 
293, 294 

protein transconformation 
of, 214 

secretion of, 383 

thyroid hormones and, 
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640-43 
Epileptic seizures, 452, 453 

aura of, 457 

brainstem and, 453 

EEG changes in, 452 

motor mechanisms in, 452 

reticular formation and, 
451 

rhinencephalon and, 452 

Epinephrine 

ACTH secretion and, 586 

blood corticosteroids and, 
590 

blood fatty acids and, 489 

circulatory effects of, 474 

coronary circulation and, 
332, 487 

denervation sensitivity to, 
337 

EEG effects of, 450, 474 

glucocorticoids and, 324 

heart actions of, 286, 289, 
295, 296, 299, 300, 
484, 485 

hemorrhage and, 337 

hydrogen ion concentration 
and, 474 

iron and, 325 

kidney circulation and, 
487 

kidney function and, 329 

lactation and, 84 

liver circulation and, 327 

liver extracts and, 325 

loss from plasma, 474 

mammary growth and, 482 

metabolism of, 337 

milk ejection and, 492 

muscle blood flow and, 331 

phosphorylase activity 
and, 184 

potassium and, 300 

pulmonary circulation and, 
271, 320, 486 

reticular system and, 453, 
454 


review on, 337 
salivary secretion and, 
383 


secretion of 


arterial pressure and, 481 


carotid sinus and, 481 
demedullation and, 481 
hemorrhage and, 298 
histamine and, 481 
hypocapnia and, 254 
hypothalamus and, 335, 
590 
insulin and, 481, 590 
nervous control of, 481 
posture and, 484 
sympatholytics and, 481 
sodium excretion and, 474 
taenia coli and, 479 
thyroid activity and, 622 
thyroxine potentiation of, 
637 
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venous return and, 298 
Erythrocytes 
see Red corpuscles 
Erythropoiesis 
see Red corpuscles, 
erythropoiesis 
Esophagus 
anatomy of, 476 
motility of, 399, 400 
nervous control of, 476, 
477 
sphincter of, 400 
swallowing and, 476 
Estrogens 
ACTH secretion and, 594, 
595, 597 
adrenal secretion of, 601 
antiprogestational activity 


blood content of, 81, 82 
bone phosphate and, 87 
corticosteroid binding and, 
600 
corticosteroid degradation 
and, 600 
degradation of, 79, 87 
embryo content of, 75 
estrous cycles and, 80 
feminization by, 87 
fertilization and, 77 
gonadotropins and, 85 
heart actions of, 299 
histamine and, 82 
homologues of, 79 
hypophysectomy and, 85 
inhibition of, 87 
liver inactivation of, 87 
mammary glands and, 84 
mating responses and, 508 
menstrual cycle and, 88 
metabolic effects of, 67 
placenta content of, 81 
placental transfer of, 81 
pregnancy and, 81 
sexual precocity and, 86 
steroid inactivation and, 
595 


testicular tumor and, 77 
testis activity and, 77 
thyroxine action and, 622, 
637 
thyroxine binding and, 634 
urinary content of, 86-88 
uterine effects of, 79, 83, 
324 
Estrous cycle, 80, 81 
body temperature and, 82 
cage mates and, 80 
cerebral cortex and, 86 
electrical stimulation and, 
80 
estrogens and, 80 
Exercise, muscular 
see Muscular exercise 
Exophthalmos 
hormonal production of 
86 
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Extracellular fluids 
aldosterone and, 146 
exchanges in, 139, 355 
measurement of, 139 
osmolality of, 148-50 
protein content of, 355 
regulation of, 150 
undernutrition and, 140 

Eye 
lens of 

light absorption by, 552 

pigments of, 552 

visual acuity and, 553 
see also Retina; Vision 

Eye movements 
central control of, 448 
consciousness and, 449 
visual perception and, 556 


F 


Fat 
chylomicrons, 392, 393 
intestinal absorption of, 
391-96 
metabolism of 
ACTH and, 579 
nervous control of, 489 
muscle fuel role, 170, 
172, 173, 177, 179, 
180, 181 
Fatty acids 
active transport of, 387 
blood content of 
emotion and, 489. 
epinephrine and, 489 
gastric secretion and, 386 
glycolysis production of, 
171 


intestinal absorption of, 
387 


oxidase system for, 180 
Ferritin 
liver release of, 338 
Fertility 
spinal cord section and, 
83 
Fertilization, 77, 78 
estrogens and, 77 
parthenogenesis, 78 
Fetus 
age estimation of, 82 
blood composition in, 82 
ECG of, 302 
electrical recording from, 
76 
hemoglobin of, 222-26, 
228, 253, 261 
phonocardiography of, 76 
physiology of, 222 
protein absorption by, 389 
superfetation, 81 
Fever 
androgenic adrenal tumor 
and, 
circulatory reflexes and, 
336 
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hemorrhage and, 338 
Fibrinogen 

catabolism of, 354 
Fluids, body 

distribution of, 358-62 

isomolarity of, 360 

nervous regulation of, 488 

see also Extracellular 

fluid; Plasma, etc. 

Fluoride 

heart effects of, 293 


G 


Galactose 
kidney accumulation of, 
8 


Gall bladder 
concentration in, 399 
electrolyte shifts in, 399 
Gamma-aminobutyric acid 
cerebral cortex and, 
456, 457 
circulatory effects of, 475 
depressant action of, 425 
motoneurons and, 444 
review on, 425 
stretch receptors and, 
474 


Gamma-butyric acid 
Renshaw cells and, 446 
Ganglia, autonomic 
cholinesterase in, 474 
Ganglia, dorsal root 
afferent conduction and, 
440 


cells of, 419 
conduction delay in, 439 
excitation of, 409, 410, 
413 
Ganglia, sympathetic 
origin of, 490 
Gastrin 
stomach secretion and, 
384, 385, 476 
Gastrointestinal tract 
see Digestive system and 
individual organs 
Genetics, physiological, 
adenylosuccinase and, 
57, 58, 60 
bacterial conjugation and, 
46, 47, 64, 68 
bacteriophages and, 54, 55 
chromosome replication, 
51, 52 
coding problem, 67, 68 
complementation and, 
58-60, 61 
congenital diseases and, 
68 


cytoplasmic inheritance, 
29 
deoxyribonucleic acid and, 


45-52, 55, 63, 64 
galactosidase, 60, 61 


gene functions 
cistrons and, 55, 58-60 
DNA and, 20-27 
enzymes and, 53 
nucleus transplantation 
and, 2 
proteins and, 53-63 
puffing and, 26, 27 
RNA and, 24-30, 39 
hemoglobin and, 55, 56 
immunogenetics, 68 
isozymes, 69 
mutation, 54, 55, 57, 62, 
63-67 
paramutation, 66, 67 
radiation effects, 63-65 
reviews on, 45 
ribonucleic acid and, 45, 
46, 50, 51, 53 
somatic cell variation, 69 
suppressor genes, 61, 62 
tissue transplantation 
and, 6 
transduction, 48, 60 
tryptophane synthesis and, 
56, 57, 59, 61, 62 
tyrosinase and, 62 
xanthine dehydrogenase 
and, 62, 63 
see also Chromosomes 
Geniculate body, lateral 
anatomy of, 559-61 
color sensitivity and, 
561 
cortical effects of, 456 
electrical activity of, 437 
habituation in, 514 
synaptic transmission in, 
, 560 
visual responses in, 437, 
513, 559-62 
Geniculate body, medial 
auditory functions and, 438 
cochlear nucleus responses 
and, 515 
cortical connections of, 
456, 504 
Globin 
erythropoiesis and, 370 
Globulins 
catabolism of, 354 
immune 
tissue development and, 
106 
source of, 354 
Glomerulotropin 
aldosterone secretion and, 
603 
pineal source of, 603 
Glucagon 
liver circulation and, 327 
Glucose 
blood content of 
cortical activity and, 
490, 491 
corticosteroids and, 590 
EEG and, 453 


epinephrine and, 590 
oxygen deficiency and, 
253 
skin blood flow and, 331 
stomach secretion and, 
477 
intestinal absorption of, 


kidney excretion of, 117- 
Glutamine system 
acid regulation and, 150, 
151 
2-Glycerophosphate 
insect muscle and, 175-77 
Glycogen 
breakdown of, 183, 184 
electrolyte excretion and, 
118 
fetal, 75, 76 
forms of, 170 


heart content of, 284, 291, 


hormonal control of, 75 

muscle fuel role, 169-71, 
181, 182 

phosphorylase and, 183, 
184 


sources of, 170 
utilization of, 183-85 
Glycolysis 
cell nuclei and, 19 
enzymes for, 171 
insect flight and, 173-76 
invertebrate tissues and, 
171 
rate limitation of, 183 
Gonadotropins 
adenohypophyseal content 
adrenal weight and, 595 
blood content of, 85 
estrogen secretion and, 
85 
formation in tissue cul- 
ture, 482 
ovariectomy and, 85 
ovulation and, 80, 81 
secretion of 
hypothalamus and, 482 
pituitary transplantation 
and, 86 
progesterone and, 85 
sensitivity to, 85, 86 
testis effects of, 77, 85 
urinary excretion of, 85 
Growth hormone 
aldosterone secretion and, 
603 
cartilage growth and, 483 
mammary glands and, 84 


H 
Hearing, 437, 438 


auditory illusions, 515 
auditory imagery, 435 


SUBJECT INDEX 


central mechanisms of, 

cortical mechanisms of, 
502-4, 506 

pitch discrimination and, 
502, 514 

receptors for, 438 

review on, 438 

sound localization and, 
503 

speech perception, 503 

spiral organ function, 438 

verbal learning, 503 

see also Cochlea 


Heart, 283-306 


action potentials of, 293, 
295, 301, 302 

albumin content of, 355 

anatomy of, 283, 303, 305 

angiocardiography, 288 

antiarrhythmic drugs, 296 

arrest of, 298, 305, 306, 
323 

arrhythmias of, 294-98, 
484 


artificial pacemaker for, 
305 


atrial fibrillation, 284 

294- 

atrial flutter, 294-96, 
298, 301, 304 

atrial pressure measure- 
ment, 273 

atrial receptors, 247, 
272, 364, 366, 373, 
483, 605 

atrial reflexes, 336 

atrioventricular bundle, 
287 

atrioventricular dissocia- 
tion, 287 

ballistocardiography, 303, 
304 


carbon dioxide effect on, 
301 
cinefluorography of, 304 
conduction in, 285-88 
atrial, 285, 286 
atrioventricular, 286, 
295 
conducting system, 305, 


ventricular, 284, 287 
congenital disease of, 287 
congestive failure of 

actomyocin and, 284 

aldosterone secretion 

and, 147, 328 

cardiac output and, 318 

digitalis drugs and, 305 

edema of, 361 

lung compliance and, 256 

phosphagens in, 284 

sodium excretion in, 120, 

137, 142, 147, 365 

venoconstriction in, 318 

venous pressure and, 484 
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vital capacity and, 264 
coronary circulation, 290, 
292, 332, 333 
anastomoses in, 291 
anatomy of, 290 
anemia and, 293 
arterial disease in, 291 
arterial ligation in, 291, 
293, 296 
arterial pressure and, 
332 
capillaries of, 290, 323 
epinephrines and, 299, 
, 487 
heart size and, 332 
heart work and, 332 
hypoxia and, 254, 293 
metabolic control of, 
332 
muscular exercise and, 
254 
nervous control of, 290, 
332, 333, 487 
norepinephrine and, 299 
perfusion of, 306 
pressoreceptors in, 285 
review on, 487 
tachycardia and, 288 
thromboses of, 291 
deoxycorticosterone and, 


digitalis and 
see Digitalis drugs 
drug actions on, 305, 306 
dynamics of, 288, 289 
ectopic beats of, 294, 295, 
298, 301 
efficiency of, 292, 485, 
487 


electrocardiography, 76, 
302, 303, 305, 484 
electrokymography of, 289 
electrophysiology of, 301-3 
epinephrine effects on, 
295, 299, 300 
estrogen effects on, 299 
evaluation of state of, 305 
excitability of, 295, 299 
exercise response of, 
285, 290, 484 
heart block, 287, 288, 302, 
303 
hypertrophy of, 284, 293, 
302, 303, 332 
hypothermia and, 304 
hypoxia and, 284, 285, 293, 
298, 302 
inotropic actions on, 293 
ionic effects on, 300, 301, 
304 


ionic shifts in, 294 

ischemic lesions of, 284 

magnesium and, 140 

membrane potentials in, 
295, 300, 301, 306 

metabolism of, 292-94, 
485 
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digitalis drugs and, 293 
enzymes involved in, 292 
hypothermia and, 304 
inhibitors of, 293, 296 
regulation of, 285, 292 
review on, 292 
sympathetic nerves and, 
333 


tachycardia and, 332 
muscle of 
see Muscle, cardiac 
myocardial infarction 
blood enzymes and, 293, 
294 
diet and, 300 
ECG changes in, 303 
exercise and, 306 
experimental, 291 
incidence of, 291 
ventricular tachycardia 
and, 296, 297 
myocardial necrosis, 300 
myoglobin of, 231 
necrosis of, 140 
nerves of 
pain endings and, 284 
nervous control of, 284, 
285 
chemoreceptor reflexes 
and, 285 
pressoreceptor reflexes 
and, 285 
sympathetic, 283, 288, 
321, 335, 484-86 
vagus nerve and, 283, 
295, 484 
norepinephrine effects on, 
291, 296, 298, 299 
osmolality of, 148 
output of 
arteriovenous fistula and, 
318 


blood volume and, 338 
congestive failure and, 
318 
digitalis drugs and, 305 
exercise and, 285, 290 
Fick principle and, 290, 
334 
heat exposure and, 288 
hyperthermia and, 337 
measurement of, 289, 290 
obesity and, 320 
partition of, 321 
tachycardia and, 288 
venous circulation and, 
290 


oxygen deficiency and, 486 

pacemakers of, 286, 287 

paroxysmal tachycardia, 
296 


phosphorylase of, 184 
potassium and, 140, 141, 
146, 486 
rate of 
chemoreceptors and, 254, 
483 
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exercise and, 285 

hypoxia and, 254 

lung reflexes and, 254 

pulmonary reflexes and, 
483 


reflexes controlling, 285 
reserpine and, 485 
swallowing and, 285 
tachycardia results, 
288, 301 
transcranial stimulation 
and, 484 
vagus nerve and, 484 
ventricular receptors 
and, 483 
sinus arrhythmia, 285 
sodium content of, 486 
sounds of, 289 
staircase effect in, 485 
steroid effects on, 299, 
300 
surgical aids for, 304-6 
sympathetic control of, 
283, 288, 321, 335, 
484-86 
thyroid effects on, 299 
valves of, 289 
valvular disease of, 304 
coronary flow and, 332 
lung compliance and, 
256 
lung ventilation and, 267, 


pulmonary circulation 
and, 272 
vital capacity and, 264 
work capacity and, 264 
vectorcardiography, 303 
ventricles of 
reflexes from, 336 
receptors in, 483 
ventricular fibrillation, 
295, 296, 298, 301, 304 
ventricular filling 
diastolic suction, 289 
Wolff-Parkinson-White 
syndrome, 287 
work of 
formulation of, 288 
heart weight and, 293 
pulse pressure and, 306 
regulation of, 288 
Helminths 
metabolism of, 170 
muscle fuel in, 170-72 
reviews on, 170 
Hematocrit ratio 
kidney circulation and, 
112, 113 
Hemerythrin 
biosynthesis of, 206 
Bohr effect in, 211, 213, 
215 
distribution of, 192 
ecological role of, 215 
forms of, 227 
isoelectric point of, 202 








kinetics of reactions of, 
207 

metal linkage in, 194 

molecular weight of, 201 

oxygenation reaction of, 
197-200, 213 

oxygen-metal ratio of, 195 

Hemocyanin 

biosynthesis of, 206 

Bohr effect in, 211, 213, 
218 

copper linkage in, 194, 
195 


distribution of, 191 
isoelectric point of, 202 
kinetics of reactions of, 
207, 211 
molecular weight of, 201 
oxygenation reaction of, 
195-98 
oxygen-binding site in, 
198-200, 212 
oxygen- metal ratio of, 195 
structure of, 201, 202 
Hemoglobin 
amino acids of, 68, 203, 
222, 230 
blood content of, 204, 205 
hibernation and, 205 
high altitude and, 368, 
370 
hypoxia and, 205, 206 
Bohr effect in, 210, 211, 
213, 219 
carbamino compounds of, 


carboxyhemoglobin, 261, 
262 


cell nuclei and, 193 

chromatography of, 223 

“crevice theory’’ of, 198 
199 

determination of, 261 

dissociation of, 56 

distribution of, 193, 194 

ecological role of, 215-17 

electrophoresis of, 204, 
222, 223, 229-31 

fetal, 82, 222-28, 253, 261 

forms of, 53 

genetic types of, 55, 56, 

, 229 

heme functions in, 208 

heterogeneity of, 222 

immunological characteris- 
tics of, 204, 223, 224 

isoelectric point of, 202 

kidney excretion of, 117 

kinetics of reactions of, 
206-14 

metabolism of, 206 

molecular weight of, 200, 
201 

oxidation of, 204, 223 

oxygenation reaction of, 
195-200 

oxygen binding of, 193, 








207, 211, 212 
oxygen-binding site in, 
198, 199 
oxygen dissociation curves 
body size and, 260 
sickle-cell anemia and, 
261 
photodissociation of, 200 
prosthetic group of, 194 
protein-heme binding, 194 
rate of production of, 370 
Root effect in, 220 
structure of, 195, 199, 
201, 202, 213, 214 
synthesis rate of, 206 
tissue types of, 227, 228 
Hemorrhage 
ADH secretion and, 364 
aldosterone secretion and, 
605 
blood volume and, 356, 


drug responses after, 338 
epinephrine secretion and, 
298 
erythropoiesis after, 
370, 372 
fever and, 338 
fluid redistribution in, 338 
kidney function and, 329 
liver circulation and, 327, 
338 
respiration and, 265 
sodium excretion and, 365 
thirst and, 363 
vasoconstriction and, 337 
venous circulation and, 
338 
venous return and, 290 
Hesperidin 
capillary permeability 
and, 324, 325 
Hibernation 
blood hemoglobin and, 205 
cardiac vagus and, 283 
circulation in, 293 
Hippocampus 
acetylcholine in, 474 
ACTH secretion and, 591 
afferent excitation of, 442 
arousal and, 458 
conditioned responses and, 


connections of, 458, 459 

electrical stimulation of, 
458 

emotion and, 508 

ephaptic transmission in, 
453 

epileptic seizures and, 453 

hypoglycemia and, 491 

inhibitory effects of, 458 

intrinsic mechanisms of, 
458 

lesions of, 458 

pellagra-like syndrome 

and, 473 
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pleasure reactions and, 
508 


self-stimulation and, 517 

sensations aroused from, 
458 

specific lesions of, 459 

stimulation of, 449 

stomach afferents and, 
477 

Histamine 

arterial pressure and, 320 

bronchospasm and, 259 

capillary permeability 
and, 323 

capillary pressure and, 
357 


epinephrine secretion and, 
481 


estrogen action and, 82 

gastric secretion and, 
383, 386, 476 

heart actions of, 306 

metabolism of, 386 

pulmonary circulation and, 
320, 486 

renal excretion of, 386 

uterine content of, 82 

uterine hyperemia and, 
324 

Hyaluronidase 

antidiuretic hormone and, 
125 

capillary permeability and, 
324, 325 

renal excretion of, 125 

Hydrochloric acid 

gastric secretion of, 383, 

384 


Hydrocortisone 
ACTH secretion and, 592 
adrenal DNA and, 601 
adrenal size and, 594 
blood content of, 143 
adrenal inhibitors and, 
580 
anxiety and, 479, 480 
brain lesions and, 480 
hypothalamus and, 480 
degradation of, 328, 599, 
600 
derivatives of, 599, 600 
half life of, 598, 600 
liver glycogen and, 75, 76 
potassium excretion and, 
126, 142, 143 
protein catabolism and, 
354 


sodium excretion and, 
142, 143 

tissue electrolytes and, 
144 


water excretion and, 145 
Hydrogen ion concentration 
carbon dioxide and, 426 
intracellular, 155, 426 

Hydrogen ions 
activity of, 150 
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blood pH measurement, 
264 


cell exchanges of, 156 
gastric secretion of, 383, 
384 


kidney handling of, 120, 
125, 133, 150-54 

potassium excretion and, 
133 

respiratory control by, 
248, 249 

see also Acidosis; Alka- 
losis 

5-Hydroxytryptamine 

adrenal ascorbate and, 475 

aldosterone secretion and, 
603 

carcinoid and, 325 

edema from, 325 

GABA and action of, 475 

high blood content of, 603 

kidney circulation and, 
115, 319 

muscular tone and, 320, 
325 

norepinephrine responses 
and, 475 

phosphorylase activity 
and, 185 

pulmonary circulation and, 
320, 325, 486 

skin circulation and, 325 

stomach secretion and, 
477 

transmitter for peristalsis, 
401 


Hypertension, clinical 
chlorthiazide and, 138 
norepinephrine action in, 

332 


plasma globulins in 
inotopic action of, 283 
salt intake and, 339 
weight loss and, 321 
Hypertension, experimental 
adrenalectomy causing, 
339 
adrenal regeneration and, 
579 


aortic electrolytes and, 
140 
deoxycorticosterone and, 


intracisternal potassium 
and, 484 
pitressin and, 140 
Hypertension, renal 
aorta electrolytes and, 141 
coronary flow and, 293 
juxtaglomerular apparatus 
and, 339 
renin and, 339 
thyroid activity and, 339 
Hypothalamus 
ACTH-releasing factor in, 
480, 590 
ACTH secretion and, 
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582-84, 597, 598, 604 
adrenal ascorbate and, 479, 
583 
adrenal hypertrophy and, 
594 
appetite and, 488, 489, 
509 


corticosteroid secretion 
and, 480 

corticotropin-releasing 
factor in, 480, 590 

diabetes insipidus and, 
481 


emotion and, 516 
epinephrine secretion and, 
481, 590 
extracts of, 589, 590, 619 
gonadotropin secretion 
and, 482 
heart effects of, 484 
hypothalamoadenohypophy - 
seal system, 582-94 
anatomy of, 582-90 
birth changes in, 599 
blood vessels of, 583-85 
drug blockade of, 585 
secretomotor nerves and, 
582 
intestine motility and, 478 
iodide metabolism and, 617 
mating behavior and, 482, 
508 
neurosecretion in, 482, 


osmoreceptors in, 363 

ovulation and, 80, 85, 482 

panting and, 246 

pituitary function and, 86 

potassium and, 488 

reactivity of, 599 

self-stimulation and, 517 

sensory discrimination 
and, 509 

sexual development and, 85 

stomach afferents and, 477 

stress responses and, 583, 
584, 604 

sympathetic vasodilators 
in, 335 

thermal thresholds and, 
509 

thyroid activity and, 482, 
617-20 

uterine function and, 85 

Hypoxia 
see Oxygen deficiency 


Insects 
blood electrolytes in, 408 
visual pigments of, 534 
Insulin 
antidiuresis from, 489 
epinephrine secretion and, 
481 


heart potentials and, 301 
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intestinal absorption of, 390 
liver circulation and, 327 
placental transfer of, 81 
skin circulation and, 331 
stomach secretion and, 
477 
Intercellular fluid 
see Extracellular fluid 
Intestine, large 
see Colon 
Intestines, small 
absorption from 
active transport in, 388 
amino acids and, 389 
blood flow and, 387 
carbohydrates and, 388 
chemical factors in, 
387, 388 
fat and, 391-96 
fluids and electrolytes 
and, 396, 397 
lipid solubility and, 387 
motility and, 387 
nervous control of, 478 
phosphorylation and, 389 
pinocytosis and, 390 
proteins and, 389, 390 
capillaries of, 351, 355 
choline acetylase activity 
in, 479 
circulation in, 488 
contraction and, 328 
portal pressure and, 328 
electrical potentials of, 
401, 478 
electronmicrography of, 
391 


epithelial renewal in, 381 
ileocecal valve, 400 
lymph flow from, 355, 356 
motility of 
absorption and, 387 
acetylcholine and, 484 
nervous control of, 473, 
478, 479 
peristalsis, 401, 479 
potentials with, 401 
transmission and, 401 
nervous plexuses in, 478 
permeability of, 397 
reflexes from, 490 
secretion into 
review of, 396 
volume of, 396 
secretion of 
nervous control of, 478 
stomach secretion and, 385 
Iodide 
blood content of 
hypothalamus and, 617 
dietary content of, 626, 
628, 630 
iodide pump, 625-29 
kidney handling of, 158 
nonthyroid trapping of, 629 
protein-bound 
blood content of, 617 


salivary secretion of, 381, 


thyroid metabolism of, 
625-31 
hypophysectomy and, 623 
hypothalamus and, 617 
TSH and, 623, 624 
Todopsin 
cone pigment, 536 
Iodopyracet 
renal tubules and, 116 
Iodothyronines 
biosynthesis of, 629-31 
abnormalities of, 629, 
630 
inhibitors of, 630 
blood content of, 632 
iodide pump and, 626 
thyroglobulin and, 627, 
630, 631 
urinary excretion of, 631 
Iodotyrosine 
kidney handling of, 158 
Iron 
erythropoiesis and, 370, 
371 


intestinal absorption of, 
97 


kidney regulation of, 158 

placental transfer of, 322, 
332 

pregnancy and, 82 

protein combination with, 
195 

storage of, 371 

vascular reactivity and, 325 

see also Hemoglobin 


K 


17-Ketosteroids 
excretion of 
age and, 601 
progesterone and, 79 
seasonal changes in, 598 
species differences in, 
601 


Kidney, 111-58 
acid excretion by, 150-56 
ammonia and, 150 
Site of, 152 
acidosis from, 154 
albumin space in, 112, 113 
albumin transfer in, 355 
carbonic anhydrase and, 
152, 153 
circulation of, 112-15, 
328, 329 
arterial diameter, 115 
autoregulation in, 112, 
114, 319 
baroreceptors in, 147 
blood volume in, 112, 113 
capillary pore sizes in, 
322 


capillary pressure in, 357 
carbon dioxide and, 115, 





329, 487 
cell-separation hypothesis 
of, 112-14, 3 
countercurrent exchange 
and, 113 
drug actions on, 329 
epinephrine and, 487 
flow measurement meth- 
ods, 114 
hematocrits in, 112, 
113, 328 
5-hydroxytryptamine and, 
115, 319 
occlusion of, 328 
plasma skimming theory, 
319 
pressure breathing and, 


reactive hyperemia in, 
328 

renal blood flow, 115, 128 

renal denervation and, 487 

renal failure and, 115 

renal ischemia, 115 

reviews and, 114 

sympathomimetic drugs 
and, 115 

tissue pressure and, 114, 
326 


transit times in, 112, 114 
vascular resistance, 114, 
319 
venous pressure, 114 
cooling of, 115 
differential damage to, 135 
diseases of 
concentration capacity, 
127 
glomerular lesions, 111 
nephron number and, 127 
nephrotic syndrome, 354 
proteinuria, 111 
renal circulation in, 115 
uremic syndrome, 132 
diuretics, 136-39 
reviews of, 136 
tubular effects of, 136- 
38 
erythropoiesis and, 158 
"free" water clearance, 
138 
function of 
bladder pressure and, 158 
glycerylphosphoryl 
choline and, 158 
pregnancy and, 158 
spinal transection and, 
489 
thyroid activity and, 158 
glomerular filtration 
adrenal steroids, 142 
diuresis and, 157 
urine concentration and, 
131 
water diuresis and, 128 
glomerular function 
protein test for, 157 
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glomeruli of 
development of, 112 
patency of, 115, 329 
structure of, 111-14 
iron metabolism and, 158 
juxtaglomerular cells of, 
147 


lymphatics of, 326 
lymph drained from, 157 
mercury damage to, 138 
metabolism of 
bladder urine absorption, 
126 
Krebs' cycle and, 117 
PAH excretion and, 
116, 117 
renal blood flow and, 115 
morphology of, 111, 112 
osmolality of, 148 
oxygen pressure in, 113, 
328 


perfusion of, 158 
protein catabolism in, 354 
proteinuria, 157 
renal failure, 154 
renin formation in, 157 
spirolactone action on, 138 
thyroxine conversion in, 
638 
TSH inactivation by, 625 
tubular function of 
acidification of urine in, 
120, 152 
adrenal hormones and, 
141-44 
ammonia formation and, 
151 
antidiuretic hormone 
effects on, 125, 126 
cold and, 118 
concentrating mechanism 
in, 123-32, 158 
countercurrent system 
in, 123, 124 
electrical potentials in, 
121, 122, 153, 154 
electrolyte handling in, 
120-30 
exercise and, 126 
glucose reabsorption in, 
117-19, 120, 135 
hypercalcemia and, 125 
ischemic damage to, 328 
localization of activity 
in, 119-23, 132 
oncotic pressure and, 
120-22 
organic compound ex- 
cretion, 115-17 
PAH transport in, 116, 
119, 120 
phlorizin and, 118 
stop-flow studies of, 
119, 120, 143 
water reabsorption by, 
145 
tubules of, 115-23 
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autolysis of, 112 
water excretion by, 363, 
364 
water excretion rate 
pressure breathing and, 
246, 247 
weight of, 129 


L 


Labyrinth 
nonacoustic 
cerebellar representation 
of, 442 
spatial orientation and, 


vestibular nuclei, 448 
Lactation 
blood volume and, 84 
growth hormone and, 84 
hormonal control of, 84 
inhibition of, 84 
mammary denervation 
and, 84 
neurohypophyseal milk- 
ejection mechanism, 84 
oxytocin and, 84 
reserpine and, 84 
Larynx 
model of, 446 
Learning, 511-14 
acetylcholine and, 517 
brain cholinesterase and, 
517, 518 
caudate nucleus and, 510 
cortical role in, 441, 459 
neural mechanisms of, 457 
reticular formation and, 
442, 512 
visual vs. spatial cues in, 


see also Reflexes, condi- 
tioned 
Leucocytes 
female genital tract and, 
81 
Light 
hemoglobin photodissocia- 
tion, 200 
Limbic system 
ACTH secretion and, 591 
afferent excitation of, 442 
aggressive reactions and, 
507, 508 
appetite and, 508 
emotion and, 457, 458 
sex behavior and, 508, 
547, 548 
thirst and, 509 
see also Amygdala; Hippo- 
campus, Rhinencephalon 
Lipids 
metabolism of 
thyroid and, 636 
pigments combined with, 
222 


Liver 








702 


ACTH secretion and, 595 
albumin content of, 353 
albumin synthesis in, 354 
capillary permeability in, 
323, 350, 351, 355 
capsular protein escape, 


circulation in, 327, 328 
acetylcholine and, 484 
determination of, 399 
hemorrhage and, 328 
hepatic vein constriction, 

328 
hormones and, 327 
mesenteric resistance, 
484 
nervous control of, 327 
portal vein pressure, 
484 


splanchnic nerves and, 
484 
corticosteroid inactivation 
by, 600 
cortisone degradation in, 
636 


electrolyte content of, 
146 


enzymes in, 600 

estrogen inactivation by, 
87 

ferritin release from, 338 

glycogen content of, 75, 
76 


lymph flow from, 326, 355, 
356 


mitoses in, 354 

osmolality of, 148 

pain fibers in, 479 

passive congestion of, 328 

phosphorylase of, 184 

potassium of, 141 

protein catabolism in, 354 

regeneration of, 354 

review on, 398 

shock and, 338 

steroid inactivation in, 
595, 600 

stomach secretion and, 385 

thyroxine degradation in, 
622, 635, 638 

thyroxine secretion and, 
636, 638 

Lungs 
accelerator reflexes from, 


airway resistance in, 257- 
59 
abdominal structures and, 
259 


measurement of, 258, 
259 
turbulence and, 258 
albumin content of, 355 
alveolar gas mixing, 265, 
266 
alveolocapillary block in, 
269 
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compliance of, 255-57 
heart disease and, 256, 
257 
hypothermia and, 256 
lung disease and, 256 
posture and, 256 
pulmonary edema and, 
257 
stress relaxation and, 
257 
dead space in, 259, 264, 
265 


diffusing capacity of, 335 
emphysema 
see Emphysema 
fibrosis of, 256, 267 
functional residual capacity 
of 
posture and, 256 
functional tests for, 263 
gas diffusion in, 267-70 
hyaline disease of, 263 
5-hydroxytryptamine and, 
486 


maximum breathing capac- 
ity, 263 
pneumonectomy, 264, 
267, 269 
pulmonary circulation, 
270-73, 334-35 
acetylcholine and, 486 
architecture of, 270, 272 
blood temperature and, 
334 
bronchopulmonary anasto- 
moses, 272 
capillaries of, 259, 265, 
335, 351 
capillary permeability, 
323 


capillary saturation in, 
266 


carotid sinus reflexes and, 
483 

chemical factors in, 271 

chemoreceptors in, 326 

collateral flow in, 272, 
336 


critical closing in, 265 

drug action on, 271 

epinephrine and, 486 

exercise and, 487 

flow resistance in, 320, 
334, 337 

histamine and, 486 

5-hydroxytryptamine and, 
335 


hypoxia and, 271, 487 
intrapulmonary shunting, 
486 


lung collapse and, 270 

methods for study of, 
273 

norepinephrine and, 334, 
486 


occlusion of, 336 
oxygen deficiency and, 334 


pulmonary artery 
pressure, 327 

pulmonary artery re- 
ceptors, 285 

pulmonary embolism, 267 

pulmonary hypertension, 
256, 267, 271, 272, 486 

reflex control of, 271, 
272, 334 

regional unevenness of, 
267 

resistance in, 265, 270- 
72 

reviews on, 334, 670 

sympathetic control of, 
486 

vascular resistance in, 
265, 270-72 

vascular volume of, 334, 
335 

vasoconstriction in, 271 

venous segment of, 270 

vessel compliance and, 
270, 334 

pulmonary congestion 

gas diffusion in, 267 

lung compliance and, 
256, 257, 334 

respiratory reflexes and, 
246 


stretch receptors and, 
487 


pulmonary edema, 487 
lung compliance and, 
257, 334 
rate of formation of, 323 
structural changes in, 273 
vagotomy and, 273 
vascular pressures and, 
273 
pulmonary embolism, 486 
receptors in, 335 


* heart rate and, 254 


pulmonary congestion 
and, 246 
reflexes from 
see Respiration, reflexes 
affecting 
stretching of 
vasodilatation from, 336 
stretch receptors in, 487 
toxic gases in, 255 
ventilation of, 263, 264 
ventilation-perfusion ratios, 
266, 267 
vital capacity, 264 
volumes of 
measurement of, 259, 263 
posture and, 256 


Lymph 


fat absorption and, 393, 394 
flow rate of, 355, 356 
kidney and, 157 

protein of, 326, 353, 356 


Lymphatics 


lymph flow, 326 
obstruction of, 326 


pressure in, 326 
radiography of, 326 
Lysergic acid diethylamide 
synaptic transmission and, 
560 
Lysogeny, 47 


M 


Magnesium 
cold exposure and, 639 
deficiency of, 140, 639 
exchangeability of, 140 
heart content of, 300 
heart muscle contraction 
and, 284 
plasma level of, 156 
potassium and, 140 
protein synthesis and, 37 
review on, 366 
thyroid function and, 156 
tissue content of, 140 
Mammary glands, 84 
acetylcholine and, 482 
anatomy of, 482 
epinephrine and, 482 
estrogen effects on, 84 
growth hormone and, 84 
iodide trapping in, 629 
milk ejection, 482 
nerves of, 482 
neurohumoral control of, 
482 
progesterone effects on, 84 
relaxin effects on, 80 
Manganese 
metabolism of, 158 
Medulla 
stimulation of 
heart effects of, 484 
Memory 
cortical mechanisms for, 
505 
Menstrual cycle 
estrogen excretion in, 88 
gonadotropin excretion in, 
85 


pregnanediol excretion 
in, 8 
progesterone and, 79 
prolactin secretion in, 84 
uterine metabolism and, 
83 
uterine motility in, 83 
Mercurial diuretics 
tubular actions of, 136 
137 
Mesencephalon 
arousal and, 454 
consciousness and, 451, 


hemisection of, 451 

ovulation and, 482 

TSH secretion and, 619 

unitary responses in, 459 
Metabolism, tissue 

carbon monoxide and, 218 
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invertebrate, 170-72, 219 
nervous system and, 488, 
489 


thyroid hormones and, 640 
Metabolism, total 
estrogens and, 637 
fish migration and, 180-83 
insect flight and, 172-77 
medullary hormones and, 
637 
thyroid hormones and, 
637, 639 
Micturition 
nervous mechanisms of, 
489 


Midbrain 
see Mesencephalon 
Milk 
ejection of, 482 
Mitochondria 
amino acid incorporation 
and, 23 
ATP synthesis and, 19 
bird muscle and, 180 
cell respiration and, 107 
electrolyte accumulation 
by, 146 
heart hypertrophy and, 
284, 292 
insect muscle and, 174-77 
protein synthesis and, 38 
ribonuclease and, 39 
RNA synthesis and, 31 
swelling of, 641 
thyroid effects on, 640-42 
yolk utilization and, 106 
Muscle, cardiac, 283 
action potentials of, 408 
ATP of, 284 
contractile proteins of, 


contraction of, 283, 284, 


photoactivation of, 415 
relaxation of, 284 
repolarization of, 413 
sodium and, 408 
staircase phenomena in, 
283 
vagus and, 283, 295 
Muscle, insect 
flight muscles 
contraction of, 172 
fuel for, 172 
metabolism of, 173 
reviews of, 172 
structure of, 174 
Muscle, skeletal 
albumin content of, 355 
blood flow rate in, 329, 
330, 331 
capillaries in, 322, 324 
capillary pore size in, 350, 
351 


carbon dioxide content of, 
154 
chemical composition of, 180 
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contraction of 
protein transconformation 
and, 214 
denervation of 
action potentials and, 490 
extracellular space and, 
490 
excitation of, 408, 409, 415 
fatigue of, 184 
gamma efferents to, 443- 
45 
glycogen content of, 181- 
84 


intracellular pH of, 155 

length and tension recep- 
tors in, 439 

lymph flow from, 355, 356 

magnesium of, 140 

metabolic fuel of, 169-85 

metabolic receptors in, 
252 


muscular dystrophy, 228 
myoglobin in 
see Myoglobin 
neuromuscular transmission 
in 
junctional potentials in, 
422 


neuromuscular transmis- 
sion in 
sodium and, 411 
osmolality of, 148, 149 
oxygen consumption of, 330 
phosphorylase and, 183, 
184 


photoactivation of, 415 
potassium of, 141, 144, 
148, 155 
proprioceptors in, 439 
relaxation of, 599 
sodium of, 141, 148, 155, 
356, 605 
structure of, 180 
thyroxine conversion in, 
638 
tonus of 
spasticity and, 445 
spinal transection and, 
445 
vessel types in, 331 
water content of, 148, 149 
see also Neurons; moto- 
neurons 
Muscle, smooth 
acid effects on, 474 
epinephrine and, 474 
fluids in, 400 
membranes of, 400 
sodium and, 320, 408 
Muscle spindles 
drug effects on, 439 
gamma efferents and, 443 
Muscular exercise 
bird flight and, 179, 180 
blood ammonia and, 253 
books on, 273 
cardiac output in, 290 
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circulatory changes in, 317, 
3 


coronary flow in, 254 

dead space in, 264 

electrolyte shifts in, 156 

fish migration and, 141, 
181, 182 

heart hypertrophy and, 284 

heart performance in, 284, 
285, 306, 484 

hot environment and, 397 

insect flight and, 174 

kidney function and, 126 

limiting factors in, 254 

lung gas diffusion in, 268 

lymph flow and, 356 

pulmonary circulation and, 
272, 335, 487 

respiratory response to, 
251-53, 487 

thyroid activity and, 622 

urinary proteins and, 157 

Mutation, 63-67 
Myoglobin 

heart content of, 231 

heart hypertrophy and, 284 

hypoxia and, 205 

muscle content of, 193, 
205, 226-28 

muscular dystrophy and, 
228 

ontogenetic changes in, 
224 


oxygenation of, 197, 227 
structure of, 199-202, 226 
tissue types of, 225, 231 


N 


Nephritis 
see Kidney, diseases of 
Nephrosis 
see Kidney, diseases of 
Nerve 
action potentials of, 425 
active transport in, 214 
conduction velocity of, 439 
decremental conduction in, 
427 
drug actions on 
review of, 407 
excitation of, 407-15, 418- 
20 
acetylcholine and, 425, 
426 


electrical events in, 
413-15 

hydrostatic pressure and, 
423 


models of, 427, 428 
Osmotic pressure and, 
423 


photoactivation and, 415, 
416, 424 

potassium and, 411-13 

radiation and, 423 

reviews on, 407 
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sodium ions and, 407-11, 
413-15 

sulfhydryl groups and, 
424 


temperature and, 423 
thermodynamics of, 411 
thiamine and, 424 
voltage clamp studies of, 
413-15 
fiber structure, 426 
flow in axis-cylinder, 426 
heat production of, 416-18 
internal pH of, 155, 426 
myelin sheath of, 426, 427 
pH of axoplasm, 426 
regeneration of, 425 
saltatory conduction in, 426 
subthreshold responses of, 
427 
Nerve cells 
action potentials of, 419 
asphyxia and, 423 
GABA and, 424, 425 
membrane excitation of, 
420-23 
membranes of 
electrical properties of, 
418-20 
phospholipids of, 424 
structure of, 426 
oxidizing agents and, 424 
Synaptic endings and, 420 
Nerve, depressor 
distribution of, 336 
Nerve, optic 
centrifugal fibers of, 557, 


discharges in, 435 

electrical activity of, 557, 
558 

fiber types in, 553, 557-59 

spontaneous activity of, 
558 

Nerve, vagus 

afferent activity in, 335 

aldosterone secretion and, 
145, 481, 605 

bronchi and, 259 

cardiac reflexes and, 483 

coronary circulation and, 
332, 487 

depressor reflexes and, 
285, 336 

diarrhea and, 479 

epinephrine released by, 
283 

heart actions of, 283, 285, 
295, 484, 485 

intestinal motility and, 401 

pancreatic secretion and, 
398, 479 

pulmonary edema and, 273 

respiratory control by, 
246-49, 487 

stomach motility and, 477 

stomach secretion and, 
384-86, 476, 477 


volume regulation and, 
133, 488 


Nervous sytem 


higher functions of, 499- 

518 

ablation studies of, 499, 
500 

association areas of cor- 
tex, 503-7 

brain chemistry and, 
517, 518 

electrical studies of, 
510-17 

emotion, 516 

learning, 511-14 

limbic system, 507-9 

motivation, 516, 517 

primary cortical pro- 
jection areas, 500-3 

reviews on, 434 

self-stimulation, 516, 
517 

sensory discrimination, 


sleep and consciousness, 
515, 516 
subcortical centers, 509, 
510 
somatic functions of, 433- 
60 


afferent systems, 434-44 

behavior and, 449-52 

central brainstem, 453, 
454 

cerebral cortex, 435-57 

efferent systems, 444-49 

epileptic seizures and, 
452, 453 

gamma efferent system, 
443-45 

invertebrate, 434 

motor control mechanisms, 
445-49 

polysensory systems, 441- 
43 


pyramidal tract and, 448, 


reviews on, 433, 434 

sensory control mechan- 
isms, 443, 444 

sensory deprivation and, 
435 


techniques, 459, 460 
voluntary movement, 445 
thyroid regulation by, 617- 
20 


visceral functions of, 473- 


body fluids, 488 

circulation, 483-88 

gastrointestinal tract, 
475-79 

genitourinary tract, 489, 
490 


metabolism, 488, 489 
neuroendocrine relations, 
479-83 


neurohumoral agents and, 
474, 475 
Nervous system, central 
development of, 434 
plasticity of, 434 
recovery of function in, 
434 
Neurohypophysis 
ACTH content of, 597 
ACTH-releasing factor, 
480 


ACTH secretion by, 597 
function tests of, 146 
neurosecretory material 
in, 128 
thyroid activity and, 619 
thyroxine concentration 
in, 619 
see also Antidiuretic hor- 
mone; Oxytocin; Pitres- 
sin; Prolactin; Vaso- 
pressin 
Neurons 
motoneurons, 444, 445 
chromatolysis of, 444, 
445 
electrical properties of, 
418, 419 
excitation of, 444 
GABA and, 444 
gamma efferent, 443, 444 
inhibition of, 446, 447 
Renshaw cells and, 446 
review on, 444 
strychnine and, 448 
tonic and phasic, 441 
types of, 444 
Renshaw cells, 446 
Neurosecretion 
antidiuretic hormone and, 
128 
Nitrites 
mutation by, 65 
Norepinephrine 
arrhythmia and, 296 
circulatory effects of, 
299, 474 
continuous discharge of, 


coronary circulation and, 
332 


glucocorticoids and, 324 

heart action of, 485 

heart release of, 298, 299 

inotropic actions of, 298 

liver circulation and, 328 

metabolism of, 337, 474, 
478 


myocardial infarction and, 
291 


nerve depletion of, 474 
pineal gland and, 483 
plasma volume and, 373 
potassium and, 300 
pulmonary circulation and, 
320, 334, 486 
respiratory control and, 
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247, 487 
review on, 337 
secretion of 
demedullation and, 481 
emotional stress and, 
474 
nervous control of, 481 
posture and, 484 
sympatholytics and, 478, 
481 


skin circulation and, 332 
sodium excretion and, 474 
vascular tone and, 474 
Nucleoproteins 
cell differentiation and, 
100-2 
Nucleosides 
DNA synthesis and, 21 
metabolism of, 19, 24 
RNA synthesis and, 24 
Nucleotides 
cell biosynthesis of, 19- 
genetic coding and, 67, 68 
intestinal absorption of, 
388 
liver phosphorylase and, 
184 


mutation and, 65, 66 
Nucleus 
see Cells, nuclei of 


ce) 


Obesity 
arterial pressure and, 320, 
321 


cardiac output and, 320 
Pickwickian syndrome 
and, 260 
respiration and, 260 
weight reduction in, 321 
Optic tract 
electrical responses of, 
437 
Osmoreceptors 
ADH secretion and, 364 
hypothalamus and, 363 
thirst and, 363 
Ova 
development of, 81 
freezing of, 78 
Ovary, 78-80 
androgen content of, 76 
estrogen content of, 75, 
78 
freezing of, 78 
gonadotropin action on, 85 
hypophysectomy and, 78 
leucocyte migration into, 
81 
radiation effects on, 78 
senile, 78, 85 
transplantation of, 80, 85 
Ovulation 
central control of, 482 
follicle rupture in, 80 
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gonadotropins and, 80, 81 
hypothalamus and, 80, 85 
hysterectomy and, 78 
ova development and, 81 
spinal cord section and, 80 
Oxygen 
determination of, 263 
diffusion of 
lung alveoli and, 268, 269 
red corpuscles and, 268, 
269 
ecological relations of, 214- 
21 


neuron excitation and, 424 

oxygenation of blood pig- 
ments, 195-98, 206-14 

secretion of, 220 

storage of, 214-21 

tissue pressures of, 217- 
21 


toxicity of, 254 
transport by pigments, 214- 
21 


Oxygen deficiency, 253, 254 
adaptation to, 253, 599 
arterial pressure and, 298 
blood glucose and, 253, 

254 


circulatory effects of, 254 
coronary circulation and, 
331 


coronary flow and, 293 
ECG effects of, 302 
ERG effects of, 541 
erythropoiesis and, 368-70 
ferritin release and, 338 
heart effects of, 284, 285, 
298, 302, 486 
hemoglobin changes in, 
205, 224 
invertebrate adaptation to, 
215-19, 224 
muscle circulation and, 331 
myoglobin changes in, 231 
pulmonary circulation and, 
271, 334, 487 
respiratory response to, 
247-51 
right atrial receptors, 487 
venous circulation and, 327 
Oxygen poisoning 
protection from, 218 
Oxytocin 
electrolyte excretion and, 
128, 129 
labor induction by, 83 
lactation and, 84 
Ozone 
toxicity of, 255 


P 


Pain 
ADH secretion and, 364 
afferent paths for, 509 
heart ischemia and, 284 
hypersensitivity to, 509 








706 


liver circulation and, 327 
liver disease and, 479 
motor responses to, 509 
neural mechanism of, 441 
perception of, 441 
reflexes from, 484 
review on, 441 
Pancreas 
arterial pressure and, 484 
capillary flow in, 324 
external secretion of, 397, 
398 
ion exchange and, 398 
nervous control of, 479 
phospholipids and, 398 
reviews on, 397 
Panting 
cause of, 246 
hypothalamus and, 246 
Paralysis, periodic 
aldosterone excretion and, 
147 
Parasympathetic nervous 
system 
pregnancy and, 490 
small fibers in, 478 
Parathyroid glands 
ECG changes and, 303 
extrarenal action of, 136 
phosphate secretion and, 
135, 136 
renal injury by, 136 
thyroid and, 637 
Parotid gland 
see Salivary glands 
Parturition 
arterial pressure and, 82 
drugs inducing, 83 
oxytocin indication of, 83 
twin birth, 83 
Pentose phosphate systems 
glycogen utilization and, 
183 
insect flight and. 173-75 
Pepsinogen 
excretion of, 385 
gastric secretion and, 385 
Pericardium 
electrolyte exchanges in, 
300 
Peripheral circulation, 317- 
39 


architecture of, 349, 350 

arterial pressure, 320, 321 

blood vessels, 317, 318 

capillary circulation, 322- 
25 

circulatory models, 320 

collateral circulation, 350 

growth of, 350 

hemorrhage and shock, 338 

peripheral blood flow, 318- 
27 

peripheral pulses, 321, 322 


peripheral vascular disease, 
332 


regeneration of, 350 
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regional blood flow, 327, 


regulatory mechanism of, 
335-37 

reviews on, 317 

transmural pressures, 349 

vascular reactivity, 337 

vasoactive substances, 337 

venous flow, 326, 327 

vessel distensibility, 349 

see also Aorta; Arterial 
pressure; Arteries; 
Arteriovenous connec- 
tions; Blood flow; Capil- 
laries; Peripheral re- 
sistance; Venous cir - 
culation 

Peripheral resistance, 318- 

20 

anatomical correlation of, 
317 

5-hydroxytryptamine and, 
320 


hypothermia and, 337 
hypoxia and, 254 
shock and, 338 
venous resistance, 318 
Phlorizin 
intestinal absorption and, 
389 


renal tubular function and, 
118 
Phosphagens 
insect muscle and, 175 
invertebrate tissues and, 
172, 178 
Phosphate 
homeostasis of, 136 
parathyroid hormone and, 
135, 136 
renal excretion of, 135, 
136 
glucagon and, 118 
tubular reabsorption site, 
120, 135 
urinary 
dissociation of, 151 
Phospholipids 
enzyme secretion and, 
383, 398 
neuron excitation and, 424 
Phosphorylase 
adrenal secretion and, 581 
epinephrine and, 184 
glycolysis rate and, 183 
invertebrate tissue and, 
185 
serotonin and, 185 
Phosphorylation 
intestinal absorption and, 
389 


uncoupling of 
thyroid and, 642 
Physiology, comparative 
blood pigments, 191-231 
insect physiology reviews, 
172 


muscle fuel, 169-85 
birds, 179, 180 
fish, 180-83 
helminths, 170-72 
insects, 172-77 
other invertebrates, 177, 
178 
Physiology, developmental 
agents causing induction, 
98-102 


antigenic aspects of, 105, 
106 


cell microsurgery, 97, 98 
cell nuclear effects, 97, 
98 
cell recombination, 102-4 
chimera formation, 103-5 
DNA role in, 96, 99-102 
embryonic metabolism, 
106, 107 
embryonic tissue trans- 
plantation, 104, 105 
enzyme role in, 107, 108 
nucleoproteins and, 99-101 
nutrient requirements, 
107 
RNA role in, 100-2 
tissue incompatibility, 
104, 105 
yolk conversion into tissue, 
106 


Pigments, blood, 191-231 
active sites of, 194, 195 
alkaline denaturation of, 
204 

amino acid composition of, 
202, 203 

Bohr effect in, 210, 211, 
213, 216, 219, 220 

chlorocruorin, 192 

concentrations of, 204-6 

distribution of, 191-94 

ecological considerations, 
214-21 

electrophoretic mobility 
of, 204 

functional structures of, 
194, 200 

hemerythrin, 192 

hemocyanin, 191, 192 

hemoglobin, 193 

immunological differences 
in, 204 

isoelectric point of, 202 

molecular shape of, 201, 
202 

molecular weight of, 200, 
201 


oxygen-affine sites in, 198, 
199, 207 

oxygenation reaction, 195- 
200 

oxygen- metal ratios of, 
195 


protein role in, 199, 200 
reviews on, 191 
specificity of, 200-31 


unusual pigments, 193, 194 
Pineal gland 
aldosterone secretion and, 
366, 603 
blood vessels of, 333 
catecholamines and, 483 
enzyme contents of, 483 
phospholipids of, 483 
Pitressin 
ACTH secretion and, 586, 
587 
adrenal action of, 587 
cartilage growth and, 483 
hypertension and, 140, 146 
thirst and, 128 
Pituitary 
anterior 
see Adenohypophysis 
Pituitary gland 
aldosterone secretion and, 
601, 603 
blood supply of, 333, 584, 
585 


hypophysectomy effects, 
78, 582, 623 

reproduction and, 84-86 

retransplantation of, 482, 
582 


see also Adenohypophysis; 
Neurohypophysis 

Pituitary stalk 

section of, 582, 583 
Placenta 

blood acidity and, 261 

capillary transfer in, 322 

extract of, 76, 81 

iodide trapping in, 629 

pregnancy role of, 81 

progesterone and, 81 

transfer of hormones, 81 
Plasma 

colloids of, 353-55, 358- 


proteins of 
see Proteins, plasma 
Plasma volume, 351-66, 
371, 372 
aldosterone secretion and, 
606 
splenectomy and, 488 
see also Blood volume 
Pleura 
reflexes from, 246 
Pneumothorax 
pulmonary circulation and, 


respiratory effects of, 246 
Polycythemia 
iron turnover in, 371 
Pons 
respiratory centers in, 
245, 246 
Porphyrins 
biosynthesis of, 370 
blood pigments and, 194, 
209 


Posture 
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aldosterone secretion and, 
336, 481, 604, 606 

blood shifts and, 273 

circulatory response to, 


dead space and, 265 

epinephrine secretion and, 
484 

fluid distribution and, 357 

heart effects of, 306 

liver circulation and, 327 

lung function and, 256 

orthostatic hypertension, 
320 


renal function and, 134 
Potassium 
aldosterone secretion and, 
366, 602, 604 
aorta content of, 140, 141 
body content of, 139, 366 
deficiency of, 140, 141, 
362, 366 
alkalosis and, 155 
electrolyte shifts and, 
156 
thirst and, 126 
dietary intake of 
aldosterone secretion 
and, 604 
drug actions and, 300, 305 
exchangeable 
measurement of, 139 
heart content of, 300, 486 
heart effects of, 294, 296, 
300, 301, 304, 305 
hypertension and, 140 
hypothermia and, 304 
intracistermal injection of 
arrhythmias and, 484 
hypertension and, 484 
magnesium and, 140 
muscle content of, 141, 
155 
muscle excitation and, 408 
muscular exercise and, 
156 
nerve content of, 423 
nerve excitation and, 411- 
13 
osmotic activity of, 148 
plasma content of, 143, 
156, 488 
renal excretion of 
aldosterone and, 141, 
142, 147 
calcium ion and, 125 
chlorothiazide and, 
120 
deoxycorticosterone and, 
125, 126, 143 
diuretic drugs and, 137 
glucagon and, 118 
hydrocortisone and, 126, 
143 


spirolactones and, 138 
tubular mechanisms of, 
120, 134, 135 
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tubular perfusion studies, 
133 


vasopressin and, 129 
salivary secretion of, 381, 
382 


smooth muscle content of, 
400 
stomach secretion and, 


sweat content of, 157 
thirst and, 363 
tissue content of, 144, 


uterine content of, 83 


Pregnancy, 81-84 


aldosterone secretion and, 
605 

amniotic fluid pressures, 
83 


androgens and, 76 

body temperature in, 82 

corticosteroid binding in, 
600 


corticosteroids and, 86 
deciduomata formation 

in, 82 
duration of, 81, 86 
estrogens and, 81, 88 
gonadotropin excretion 

in, 85 
iron transport in, 82 
kidney function and, 134, 

158 
muscle salt content in, 605 
placental role in, 81 
plasma electrolytes in, 82 
plasma volume in, 82 
pregnanediol and, 81 
progesterone and, 79, 81, 


prolactin secretion in, 84 
pseudopregnancy, 82 
renal glucose excretion 
and, 118 
sympathetic nerves and, 
83 
thiouracil and, 86 
thyroid function in, 633, 
634 
see also Uterus 
Pregnanediol 
blood content of, 81 
menstrual cycle and, 88 
pregnancy and, 81, 88 
Pressoreceptors 
heart effects of, 285 
respiration and, 246 
review of, 273 
see also Barostatic re- 
flexes; Carotid sinus 
reflexes 
Pressure 
atmospheric 
vasomotor effects of, 330 
intrathoracic 
see Respiration, intra- 
thoracic pressure 
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Probenecid 
renal tubules and, 116 
Progesterone 
absorption of, 87 
aldosterone and, 143, 606 
anabolic effects of, 80 
assay of, 81 
blood content of, 87 
body temperature and, 82 
deoxycorticosterone and, 
143 
electrolyte excretion and, 
143 


gonadotropin secretion 
and, 85° 
heart effects of, 300 
homologues of, 75, 79 
male effects of, 79 
mammary glands and, 84 
menstruation and, 79 
metabolism of, 87 
placental secretion of, 88 
pregnancy and, 79, 82 
sodium excretion and, 606 
sperm capacitation and, 
17 


uterine effects of, 79 
Prolactin 
bioassay of, 84 
excretion of, 84 
menstrual cycle and, 84 
neurohypophyseal mechan- 
isms and, 84 
pregnancy and, 84 
salivary glands and, 76 
secretion of, 84 
water intake and, 84 
Proprioception 
form discrimination, 500 
position sense, 441 
receptors for, 439 
spatial localization, 441 
thalamic mechanisms for, 
442 
Propylthiouracil 
thyroid activity and, 617, 
618, 621, 624, 626, 
627, 630 
Prostate 
secretion of, 76 
zinc uptake by, 76 
Proteins 
biosynthesis of 
cell cytoplasm and, 53 
cell division and, 22 
cell nuclei and, 19, 23, 
24, 35, 36 
DNA and, 23, 27 
gene direction of, 63 
microsomes and, 18 
RNA and, 24, 26, 33, 
37-39 
blood pigments and, 191, 
222 


cell cytoplasm and, 35-39 
cell structure and, 37 
dietary content of 
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urea excretion and, 130 
urine concentration and, 
131 
dietary intake of 
albumin catabolism and, 
354 
genetic function of, 53-63 
globular, 191 
intestinal absorption of, 
389, 390 
intracellular osmotic 
pressure and, 149 
iodination of, 353, 354 
muscle fuel role, 181 
plasma 
blood to lymph transfer 
of, 325, 326 
breakdown of, 353, 354 
corticosteroid binding 
by, 600 
fractions of, 157 
liver transfer of, 322 
osmotic activity of, 323, 
353, 360, 361 
plasmaphoresis, 361 
pregnancy and, 82 
synthesis of, 353, 354 
thyroxine-binding by, 
632-35, 638 
tissue content of, 355 
tubular reabsorption and, 
120, 121 
transconformation of, 214 
urinary excretion of, 111 
Pulmonary entities 
see Lungs 
Pulse 
arterial, 321, 322 
analysis of, 321 
plethysmographic waves, 
321 


Pyramidal tract 

see Tract, pyramidal 
Pyridoxal 

effects of 

thyroxine and, 641 

Pyridoxine 

intestinal absorption and, 

389 


Pyrogens 


vasoconstriction from, 330 
Q 


Quinidine 
heart effects of, 295, 296 


R 


Radiation effects 

ie marrow transplanta- 
tion and, 68 

cell morphogenesis, 34 

cytoplasmic damage, 34, 
35 

gonadotropins and, 78 

mutation, 63-65 


nerve excitation and, 423 


ovarian, 78 
RNA destruction, 35 


Receptors 


efferent control of, 443 
excitation of, 439, 479 


GABA actions on, 475 


gamma efferents and, 443 
inhibitory interaction be- 
tween, 443 
mechanoreceptors, 439 
pacinian corpuscles, 439 
photoreceptors, 435, 
436, 552 
stretch, 439 
thermoreceptors, 439 


Receptors, cutaneous 


cortical excitation by, 441 
excitability of, 440 


Receptors, invertebrate 


photoreceptors, 528, 539 


Red corpuscles 


electrolytes of, 141 
erythropoiesis 
cell terminology for, 
366, 367 
circulating factor for, 
253 


erythropoietin, 370, 371 

high altitude and, 368, 
369, 372 

humoral control of, 370 

hypoxia and, 253 

iron and, 370, 371 

kidney role in, 158 

kinetics of, 366-70 

gas diffusion into, 268, 

269 


hemoglobin dissociation 
and, 221-23 

separate types of, 228 

shape of, 221 

sickling of, 229-61 

surface membrane of, 220 

total volume of, 366-72 

water of, 141 


Reflex, Bainbridge, 285 


absence of, 336 


Reflexes, conditioned 


arterial pressure and, 483 

cerebral cortex and, 510 

cortical arousal and, 513 

cortical spreading de- 
pression and, 507 

cortical stimulation and, 
514, 515 

EEG changes and, 511, 


habituation in, 513, 514 

limbic system and, 507 

proprioceptive feedback 
and, 51 

reticular formation and, 
510 

signal transfer in, 515 

stomach secretion and, 476 

water intake and, 363 


see also Learning 
Reflexes, dorsal root 
origin of, 440 
Reflexes, oculocardiac, 285 
Reflexes, respiratory 
see Respiration, reflexes 
affecting 
Reflexes, spinal, 446, 447 
abdominal reflexes, 445, 
447 
brainstem inhibition of, 


emotion and, 445 

posttetanic potentiation 
in, 447 

reticular formation and, 
447 

spinal transection and, 445 

Reflexes, stretch 

afferent evocation of, 446 

loop "gain" by, 446 

"myotatic units", 447 

voluntary movement and, 
445 


Relaxin 
progestational effect of, 80 
pubic symphysis and, 80 
uterine effects of, 80 
Renin 
formation site of, 157 
kidney distribution of, 339 
Reproduction, 75-88 
adrenal role in, 86 
embryo and fetus, 75, 76 
fertilization, 77, 78 
hypophysis and hypothala- 
mus, 
intersexuality, 87 
lactation, 84 
male hormones, 76, 77 
metabolism in, 87 
ovarian hormones, 78, 79 
ovary, 78, 79 
reviews on, 75 
sexual precocity, 86 
testis, 76, 77 
thyroid role in, 86 
Reproductive behavior 
estrogens and, 508 
hypothalamus and, 482, 
508 
limbic system and, 457, 
458, 508 
Reserpine 
acetylcholine of tissue and, 


arterial pressure and, 336 

heart effects of, 485 

heart rate responses and, 
474 


lactation and, 84 
norepinephrine depletion by, 
474 


stomach erosion and, 277 
Resistance, peripheral 

see Peripheral resistance 
Respiration, 245-73 
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airway resistance, 257-59 
apneustic center, 245, 246 
artificial respiration, 260 
body plethysmograph stud- 
ies, 259 
books on, 273 
bronchospirometry, 273 
carbon dioxide and, 247-49 
carbonic anhydrase and, 
262 
centers for, 245-47 
dyspnea 
abdominal disorders and, 
260 
pulmonary congestion 
and, 246 
vascular pressure re- 
ceptors and, 246 
gas transport, 260-63 
hemidiaphragm behavior, 
490 
hydrogen ions and, 248, 
249 


hypoventilation in surgery, 
intrathoracic pressure, 
331 


lung compliance, 255-59 

lung ventilation, 263, 264 

mechanics of breathing, 
255-60, 273 

medullary chemoreceptors 
and, 249 

muscular exercise and, 
251-53, 487 

negative pressure breath- 


ing 
ADH secretion and, 364 
nervous control of 
thalamus and, 473 
norepinephrine and, 487 
oxygen cost of, 247, 259, 
260 


oxygen deficiency and, 
249-51 

oxygen dissociation curves 

see Hemoglobin 

panting, 246 

Pickwickian syndrome and, 
260 

pneumotaxic center, 245 

pneumothorax, 246, 270 

positive pressure breathing, 
246 


kidney function and, 328 
vasomotor tone and, 331 
water excretion and, 
488 
pulmonary edema and, 487 
reflexes affecting 
aortic receptors and, 484 
chemoreceptor, 246, 
248, 250, 251 
Hering-Breuer, 246 
muscular, 252 
pleural, 246 
vagal, 246, 247, 487 
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regulation of, 245-53 
body temperature and, 
247, 252, 253 
chemical, 247-51 
nervous, 245-47 
theory of, 251 
rhythmicity of, 245, 246 
sleep and, 247 
techniques for study of, 
253 


vagus control of, 246, 247, 
venous circulation and, 


work of, 259, 260 
Reticular formation, 447, 

448 

acetylcholine and, 454 

ACTH secretion and, 591 

activity levels in, 453 

afferent blocking by, 443, 
444 


aldosterone secretion and, 


anatomy of, 454 

anesthesia 1nd, 451 

anxiety and, 516 

attention and, 453 

conditioned responses and, 
510 


consciousness and, 450, 


cortical effects on, 459 

efferents from, 453, 454, 
458, 459 

epinephrine and, 453, 454 

information representation 
in, 454 

learning and, 442 

motor effects of, 447 

review on, 447 

seizures aroused in, 451 

spinal reflexes and, 447 

stimulation of, 447 

thalamus and, 454 

visual discrimination and, 
515 


visual stimulation and, 513 
Retina 
cell connections in, 531 
chemical transmitters in, 
545 
cone-neuron interaction 
in, 548 
cone pigments, 536-38 
cortical representation of, 
437, 563 
dichroism of, 528 
efferent fibers to, 557, 558 
electrical activity of, 436, 
437, 538 
color sensitivity and, 
543-45, 551 
intraretinal potentials, 
5 


origin of, 526, 538-43 
photopic response and, 
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543-45 

slow potentials in, 541 

spike activity and, 540, 
541 

spreading depression and, 
540 


see also Vision, electro- 
retinography 
excitation of receptors in, 
436 
fibrils in, 529, 530 
generator potentials in, 
538, 539, 543 
inhibition in, 554-56 
interactions in, 553-57 
light excitation of, 526 
model of, 436 
morphology of, 525-31 
nerve fibers in, 557 
nervous processes in, 436 
"on" and "off" responses 
in, 555, 556, 558, 562 
optic nerve fiber types, 
553, 557 
pigment epithelium of, 
536, 537 
pigments of 
see Visual pigments 
pure rod type, 551 
receptive fields in, 553- 
55 


refraction index in, 527 

regeneration of, 526 

sensory deprivation and, 
530 


summation in, 553, 554 
synapses in, 530, 531, 534 
temporal factors in, 556, 
557 
visual cells, 527-31, 537 
Retinene 
invertebrate, 533 
isomerization of, 526 
reactions involving, 538 
reptilian, 532 
types of, 531 
Rhinencephalon, 457, 458 
afferent excitation of, 442 
brainstem and, 459 
connections within, 458 
divisions of, 457 
epileptic seizures and, 452 
model of, 460 
motor functions of, 449 
see also Limbic system 
Rhodopsin, 531, 532 
cell concentration of, 528, 
532 
deficiency of, 529 
illumination changes in, 
535, 538 
photopic vision and, 536 
protein component of, 529, 
539 
regeneration of, 538 
spectrum of, 531, 532, 534 
Ribonuclease 
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protein synthesis and, 38, 
39 


Ribonucleic acid (RNA) 
biosynthesis of, 19, 21-34 
cell division and, 25, 30, 

32 
cell growth and, 34 
developmental role of, 100 
genetic function of, 24-30, 
34, 39, 45, 64-67 
mutation and, 65 
nuclear -cytoplasmic inter- 
actions and, 29-36 
protein synthesis and, 23- 
26, 33-39 
radiation injury and, 35 
replication of, 50, 57 
structure of, 24, 25, 30, 
45, 46, 51 
types of, 26, 30 


s 


Salicylates 
protein-bound iodine and, 
621, 634 
Salivary glands 
blood flow in, 333, 475, 
476 
cholinesterase in, 475 
denervation of, 383, 475 
hormone control of, 76 
iodide trapping in, 629 
masculinization of, 76 
metabolism of, 333, 475 
nervous control of, 475 
reflexes activating, 476, 
478 
secretion of, 381-83, 475, 


ions in, 381 
nervous control of, 383, 
476, 478 
supersensitivity in, 475 
Seminal vesicles 
androgens and, 76 
composition of, 76 
fetal, 75 
Serotonin 
see 5-Hydroxytryptamine 
Shock 
adrenalectomy and, 338 
endotoxins and, 338 
epinephrine secretion in, 


liver role in, 338 

low temperature and, 338 

norepinephrine treatment 
of, 298 

peripheral resistance in, 
338 


treatment of, 338 
Skin 


albumin content of, 355 
circulation in 
bradykinin release in, 
329, 330 


capillaries of, 322, 350, 
351 

digital blood flow, 329 

5-hydroxytryptamine 
and, 325 

hypoglycemia and, 331 

respiratory effects on, 
331 


review on, 335 
sympathetic vasodilators 
and, 331 
vasopressin action on, 
480 
frog 
antidiuretic hormone and, 


chloride penetration of, 
156 


permeability of, 129 
lymph flow from, 355, 356 
temperature of, 326 
tissue pressure in, 357 


Sleep, 515 


diffuse recruiting responses 
and, 519 

EEG changes in, 450, 451, 
515 


liver circulation in, 327 

neural mechanism of, 449- 
51 

respiration in, 247 


Smell, 438 


receptors for, 438 
substances evoking, 438 


Sodium 


ammonia formation and, 151 
aorta content of, 140 
appetite for, 147, 364 
arterial pressure and, 140, 
146, 320, 321 
body content of, 139, 320, 
321, 364, 366 
body weight and, 365 
bone content of, 139, 146 
bone exchange of, 364 
capillary transfer of, 356 
cardiac muscle and, 408 
cell extrusion of, 149 
deficiency of, 148, 156 
fluid shifts and, 361 
serum sodium and, 365 
dietary intake of 
aldosterone secretion 
and, 604 
hypertension and, 339 
dorsal root ganglia and, 
exchangeable sodium meas- 
urement, 139 
fecal content of, 147 
fluxes in body, 362-66 
heart content of, 300, 486 
heart effects of, 294, 295, 
300, 301, 303 
hypertension and, 140 
intestinal exchanges of, 
396 


kidney lymph and, 157 
muscle content of, 141, 155 
muscle excitation and, 408, 
415 
muscular exercise and, 
156 


nerve content of, 423 

nerve excitation and, 407- 
11, 413-15 

overdosage with, 142 

Pacinian corpuscle exci- 
tation and, 479 

plasma volume and, 361, 
362 


renal excretion of 
active transport in, 120- 
25 


adrenalectomy and, 365 
aldosterone and, 141, 

142, 147, 365, 604, 606 
antidiuretic hormone and, 

129 
blood carbon dioxide and, 

156 
calcium ion and, 125 
central nervous diseases 

and, 366 
chlorothiazide and, 120 
congestive failure and, 

120, 365 
corticosterone and, 142 
deoxycorticosterone and, 

142, 143, 361, 362 
diuretic drugs and, 136- 

38 
epinephrine and, 474 
extra-adrenal factors in, 

604 
extracellular volume and, 

133 
glomerular filtration 

and, 134, 365 
glucagon and, 118 
hydrocortisone and, 

142, 143 
hypophysectomy and, 603 
liver congestion and, 328 
norepinephrine and, 474 
oxytocin and, 129 
posture and, 134 
pregnancy and, 134 
progesterone and, 143, 

606 
reabsorption site, 120, 

121, 135 
renal venous pressure 

and, 365 
reviews on, 365 
sodium intake and, 133, 

365 
spirolactones and, 138, 

606 


tubular mechanisms in, 
134, 143 
vasopressin and, 128, 


volume regulation and, 365 
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salivary secretion of, 
381, 3 

salt gland of gull, 488 

serum concentration of, 


smooth muscle and, 408 
sweat content of, 157, 365 
tissue content of, 141, 146 
total body water and, 148 
uterine content of, 82 
Somatotrophin 
see Growth hormone 
Somesthesis, 439-41 
Spermatozoa, 77, 78 
artificial insemination, 
17 
capacitation of, 77 
fertilization by, 77, 78 
motility of, 77, 78 
viability of, 78 
Spinal cord 
ACTH secretion and, 591 
bladder control paths in, 
445 
compound afferent dis- 
charges in, 440 
electrical activity of, 445 
fertility and, 83 
motoneurons of 
see Neurons, moto- 


ovulation and, 80 
Renshaw cells in, 446 
strychnine effects on, 453 
Synaptic delay in, 447 
testis function and, 77 
transection of, 445, 489 
unit activity in, 440 
visceral reflexes of, 490 
Spirolactones 
renal action of, 138 
Spleen 
albumin content of, 355 
erythropoiesis, 227 
hemoglobin formation in, 
227 
plasma volume and, 488 
vascular anatomy of, 317 
Starvation 
body fluids in, 140 
Steroids 
embryo content of, 75 
see also individual steroid 
hormones and Adrenal 
gland, steroid hor- 
mones of 
Stomach 
afferents from, 477, 478, 
490 
salivary secretion and, 
383 


blood flow in, 387 
distention of, 490 
emptying of 
“dumping syndrome", 
478 


gastric juice 
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acidity of, 477 
pepsin content of, 477 
histology of, 384, 386 
iodide trapping in, 629 
motility of 
antral activity, 400 
diencephalon and, 477 
vagal control of, 477, 
478 
nerve fibers to, 479 
reflexes from, 490 
secretion of, 383-86 
adrenal steroids and, 
385 


antral role in, 384, 385, 
476, 477 

carbonic anhydrase and, 
383, 384 

cerebral cortex and, 476 

conditioned reflex, 476 

drug actions on, 476 

electrical potentials and, 
383, 384 

gastrin and, 384, 385, 
486 


histamine and, 383, 386, 
476, 477 
hypoglycemia and, 477 
inhibition of, 384-86 
insulin and, 477 
intestines and, 385 
nervous control of, 384- 
86 
potassium and, 384 
reviews on, 383 
vagus control of, 476, 
477 
smooth muscle of, 400 
thirst receptors in, 363 


Stress responses 


ACTH inactivation and, 
6 


ACTH secretion and, 590, 
592, 594-97, 604 

adaptation to, 253, 254, 
598, 599 

adrenal ascorbate and, 
583, 586 

blood ACTH level and, 
592, 593 

blood clotting and, 473 

capillaries and, 324 

cerebral cortex and, 584 

chlorpromazine and, 585 

corticosteroid secretion 
and, 480, 584 

corticosteroid utilization 
and, 592 

crossed adaptation in, 253, 
254 

drugs and, 585 

epinephrine secretion and, 
590 


hypothalamus and, 583, 
584, 597, 604 

norepinephrine excretion 
and, 473 
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posterior pituitary and, 
5 


situational response pat- 
terns, 473 

thyroid activity and, 618, 
622 


types of stress, 596-98 
see also specific stress 
states 
Strychnine 
central effects of, 448 
epileptic seizures and, 
452, 453 
Succinoxidase system 
insect muscle and, 174 
invertebrate tissues and, 
172 
Swallowing 
esophagus role in, 476 
mechanism of, 400 
Sweat 
electrolyte content of, 157 
sodium content of, 365 
Sympathetic nervous system 
arterial pressure and, 
288 


brain circulation and, 333 

bronchi and, 259 

cardiac output and, 285 

circulatory effects of, 484 

coronary circulation and, 
333, 487 

denervation sensitivity in, 
337 

epinephrine secretion and, 
481 


fiber types in, 336 

fluid redistribution and, 
338 

heart actions of, 283, 284, 
288, 321, 484, 485 

hypothalamohypophyseal 
fibers, 582 

liver circulation and, 327 

muscular exercise and, 
284 

pancreatic secretion and, 
479 


pregnancy and, 83 

pulmonary circulation and, 
486 

stress resistance, 254 

transcranial stimulation of, 
335 

vasoactive agents and, 337 

vasodilator fibers in, 331, 
335 


vasomotor responses and, 
330 


venous return and, 321 
Synaptic transmission, 420- 
26 


acetylcholine and, 420, 
421 
active transport in, 214 


chemical transmitters, 560 
electrical vs. chemical 
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factors in, 420-22 
geniculate studies of, 559, 
560 
hydrostatic pressure and, 
423 


mechanism of, 421, 422 

synaptic delay, 447 

synaptic structure, 420, 
422 


bi 


Taste 
modalities of, 439 
Temperature, body 
estrous cycles and, 82 
hyperthermia 
circulatory reflexes and, 
336 
hypother mia 
bleeding tolerance and, 
338 
blood volume and, 304 
circulatory changes in, 
337 


coronary flow in, 332 

heart effects of, 304 

ionic shifts and, 304 

lung compliance and, 
256 


plasma volume and, 337 

renal concentrating abil- 
ity and, 126 

renal glucose excretion 
and, 118 

renal transport mechan- 
isms and, 134 

stress resistance and, 
254 


visual processes and, 437 
nerve excitation and, 423 
pregnancy and, 82 
respiration and, 247, 252, 

253 
shock and, 338 
tissue blood flow and, 330 
Temperature, environmental 
cold adaptation 
adrenal secretion and, 
598 

age changes in, 599 
cold exposure 

ACTH secretion and, 597 

magnesium and, 639 

stress responses and, 

253 


thyroid activity and, 618, 
21 


heat exposure 
cardiac output and, 288 
stress responses and, 
253 


muscle blood flow and, 
329, 330 
thermoreceptors, 439 
Tendon 
fluid composition of, 140 


Testis, 76, 77 
cerebral cortex and, 85 
descent of, 87 
estrogens and, 79, 87 
estrogen secretion by, 77 
gonadotropin action on, 
77, 85 
perfusion of, 77 ° 
Testosterone 
ACTH secretion and, 595 
heart effects of, 300 
see also Androgens 
Thalamus 
afferent mechanisms in, 
442 


auditory activity of, 438 
behavior and, 510 
callosal effects on, 444 
consciousness and, 450 
cortical arousal by, 443 
EEG arousal and, 510 
emotion and, 473 
hippocampus and, 459 
non-specific nuclei of 
visual responses and, 
562 


paths to, 440 
recruiting responses from, 


reticular for mation and, 
454 
stimulation of, 459 
thalamocortical relations, 
438, 439 
visceral functions of, 473 
Thiamine 
nerve excitation and, 424 
Thiouracil 
gestation and, 86 
Thirst 
antidiuretic hormone and, 


calcium and, 126 
causation of, 363 
limbic system and, 509 
potassium and, 126 
prolactin and, 84 
Thyroglobulin 
degradation of, 633 
thyroid function and, 627, 
630-32 
Thyroid gland, 615-43 
adrenal function and, 579 
adrenal size and, 594 
blood flow in, 622 
corticosteroid inactivation 
by, 600 
epinephrine and, 622 
goiterogenesis in, 482 
Graves' disease and, 
622, 635, 637 
heart and, 299 
hormone storage in, 631 
hormone synthesis in, 
628-32 
hormones of 
bone growth and, 637 


inactivation of, 622 
metamorphosis and, 637 
peripheral actions of, 
635-43 
hyperthyroidism, 622, 629, 
631, 635, 636, 641 
iodide pump in, 625-29 
kidney function and, 126, 
158 


myxedema and, 628, 634, 
636, 640 
perchlorate action on, 629, 


plasma magnesium and, 
156 
pregnancy and, 633, 634 
regulation of, 615-28 
autoregulation, 625-28 
brain center for, 619, 620 
central nervous system 
and, 617-20 
epinephrine and, 622 
estrogens and, 622 
hypophysectomy and, 623 
hypothalamus and, 482, 
617 
iodine deficiency and, 627 
stalk section and, 617 
vasopressin and, 619, 620 
see also Thyrotropin, 
secretion of 
renal hypertension and, 
339 


reproduction and, 86 
review on, 615 
thiocyanate action on, 629 
thyroglobulin hydrolysis 
in, 631 
TSH effects on, 623, 624 
Thyrotropin, 620-25 
abnormal forms of, 622, 
623 
actions of, 623, 624 
adenohypophysis content 
of, 617, 618 
bioassay of, 624, 625 
blood content of 
thyroxine and, 618 
vasopressin and, 619 
chemical nature of, 620 
cytologic origin of, 620 
distribution of, 624, 625 
inactivation of, 625 
inhibitors of, 624 
iodide pump and, 625-27 
oxygen consumption and, 
639 


placental transfer of, 81 
secretion of, 620-23 
agents depressing, 621 
cold and, 618, 621 
dietary iodine and, 627, 
628 
drugs and, 622 
exercise and, 622 
glucocorticoids and, 622 
hypothalamohypophyseal 
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system and, 482, 617- 
20 
pathological states and, 
622, 623 
stress and, 618, 622 
thyroxine and, 618, 621, 
622 
Thyroxine 
adrenal size and, 594 
analogues of, 639, 640 
androgen metabolism and, 
636 
ATP breakdown and, 640 
binding of, 632-35, 638 
blood TSH and, 618 
cartilage and, 637 
cation chelation by, 639, 
640 
cell binding of, 633 
corticosteroid action and, 
637 
deshalogenase and, 638, 


distribution of, 632 

enterohepatic circulation 
of, 635, 636 

enzymatic changes in, 
638, 639 

enzyme systems and, 640- 
43 


epinephrine action and, 637 

estrogens and action of, 
637 

fetal blood content of, 86 

"free", 633 

heart and, 299 

intestinal loss of, 636 

lactation and, 84 

magnesium and, 639 

metabolic effects of, 639 

mitochondria and, 640, 641 


molecule altered in tissues, 


637-39 
morphogenetic effect of, 
637 


peripheral metabolism of, 
635 
phosphorylation uncoupling 


and, 642 
placental transfer of, 81 


protein catabolism and, 354 


pyridine nucleotides and, 
respiratory control and, 


tissue metabolism and, 640 
thyroxine-binding globulin, 
632 


transhydrogenase and, 
642, 643 

transport of, 632 

TSH secretion and, 619 

turnover rate of, 632, 634, 
635 

Touch 
cortical areas for, 440 
cortical mechanisms of, 
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500, 501, 504-6 


Tract, pyramidal 


anatomy of, 449 

conduction velocity in, 449 

electrical activity of, 455, 
456 

excitation of, 449 

“pyramidal syndrome", 
449 


tremor and, 449 


Transhydrogenase 


thyroid effect on, 642, 
643 


Trehalose 


muscle fuel role of, 170, 


Tricarboxylic acid cycle 


invertebrate tissues and, 
172 

renal tubular function and, 
117 


Trimethylamine oxide 


excretion of, 133 


Tryptophane 


biosynthesis of, 56, 57 


Tumors 


vascular growth in, 324 
U 


Ulcer, peptic 
conditioned gastric secre- 
tion and, 476 
psychological stress and, 
476 


Undernutrition 
body water and, 362 
thirst and, 363 
Urea 
gill excretion of, 133 
renal excretion of, 130-33 
active reabsorption in, 
124, 125, 130, 132 
concentration of, 121-32 
dietary protein and, 130 
review on, 130 
urinary concentration and, 
131 
tissue permeability to, 
132, 133 
uremic syndrome and, 132 
Urine 
acidification of, 120 
carbon dioxide in, 154 
concentration of, 121-32 
pH of, 156 
proteins of, 157 
specific gravity of, 127 
see also Kidney 
Uterus 
blood flow in, 83, 383 
blood pressures in, 83 
carbonic anhydrase in, 
87 
conference on, 75 
electrical activity of, 84 
estrogen effectson, 79, 324 
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histamine in, 82 
hormone cycles and, 78 
hyperemia of, 324 
hysterectomy effects, 78 
implantation in, 82 
involution of, 85 
maternal blood volume in, 
83 
metabolism of, 83 
motility of 
acetylcholine and, 83 
menstrual cycle and, 83 
neurohypophysis and, 85 
ovariectomy and, 85 
oxytocin and, 83, 482 
potassium content in, 83 
relaxin effects on, 80 
sodium content in, 82 
sperm capacitation in, 77 
sperm movement in, 78 
sympathetic nerves and, 
83 
trophoblast in, 82 


Vv 


Vasomotor phenomena 
bradykinin and, 329, 330 
carcinoid and, 325 
central drug actions, 335 
critical closing pressure, 
265, 319 
habituation in, 335 
peripheral resistance 
see Peripheral resis- 
tance 
reactive hyperemia, 330 
reflex control of, 336 
arteriovenous fistula 
and, 318 
temperature effects and, 
329, 330 
sodium gradients and, 320, 
321 
vascular tone 
norepinephrine and, 474 
vasodilators from tissues, 
320, 325, 333 
vasoexciter material, 325, 


Vasopressin 

ACTH secretion and, 480, 
586-88 

adrenal action of, 587 

antidiuretic effect of, 128, 
131, 364 

corticosteroid secretion 
and, 480 

diabetes insipidus and, 481 

electrolyte excretion and, 
128, 141 

kidney weight and, 129 

TSH secretion and, 619, 
620 

Venous circulation, 326, 

327 


abdominal pressure and, 327 


SUBJECT INDEX 


aldosterone secretion and, 
604 

anatomy of, 317 

cardiac output and, 290 

caval orifice narrowing, 
288 

epinephrine and, 298 

flow resistance in, 318 

hemorrhage and, 338 

hypoxia and, 327 

pressure-size relations 
and, 327 

pulmonary, 320 

superior cava flow, 326 


sympathetic effects on, 321 


vascular spiders and, 317 
vena Cava constriction, 


144, 145, 481, 604, 605 


veni-vasomotor reflex, 
318, 319, 328, 330 
venoconstriction 
congestive failure and, 
318 
evidence for, 327 


hyperventilation and, 327 


Venous pressure 
carbon dioxide and, 327 
electroshock and, 483 
fluid shifts and, 358 
hexamethonium and, 484 
lymph pressure and, 326 
respiratory effects on, 

327 


sodium salts and, 361 

tissue blood flow and, 
318, 319, 330 

vasomotor tone and, 318, 
319, 328 

Vestibular nuclei 
motor functions of, 448 
Vision, 435-37, 525-69 

binocular factors in, 561 

central events in, 557-69 

central mechanisms of, 
437, 442 

cerebellum and, 566-69 

color blindness, 537, 538, 
549, 550 

color vision, 436, 437, 
525, 537, 543-45, 548- 
52, 556, 562-65 

cortical mechanisms of, 
437, 501-6, 510, 
513, 561-66 

dark adaptation and, 555 

electroretinography, 545- 
53 


color blindness and, 550 

color vision and, 565, 
566 

comparative, 550-53 

drugs and, 553 

fine structure of ERG, 
548-50 

gecko ERG, 533 

human, 546-50 

insect ERG, 534 


interretinal, 541 
night blindness and, 550 
origin of ERG, 526, 539, 
541-43 
stimulus change rate, 
547, 548 
stimulus duration and, 
546, 547 
stimulus intensity and, 
547 
waves in ERG, 548-51 
see also Retina, elec- 
trical activity of 
eye movements and, 556 
flicker, 437, 502, 529, 
551 
hyperactivity and, 435 
inhibitory influences in, 
435, 436, 443 
lateral geniculate role in, 
559-62 
lens absorption, 552 
movement perception, 
568, 569 
night blindness, 550 
optic chiasma section and, 
501 
photopic functions in, 536, 
543-45, 548-51, 555 
photoreceptor types, 435 
psychophysics of, 525 
retinal interactions, 553- 
57 
reviews on, 525 
scotopic functions, 550, 
555, 566 
sensory deprivation of, 
530 


superior colliculus and, 
568, 569 

threshold of, 529, 553, 
554, 562 

visual discrimination, 
501-6, 509 

visual imagery, 435 

see also Retina 

Visual pigments, 531-38 
book on, 531 
cell arrangement of, 528, 
29 


cone pigments, 536-38 
deep-sea fishes and, 532 
invertebrate, 533-35 
multiplicity of, 531 
reptiles and, 532, 533 
see also Iodopsin; Retin- 
ene; Rhodopsin 
Vitamin A 
deficiency of, 529 
esterification of, 526 
invertebrates and, 533 
visual cells and, 528, 535 
Vitamin Bg 
adrenal secretion and, 


gonadotropin sensitivity 
and, 85 








Vitamin Bl2 
adrenal secretion and, 581 
intestinal absorption of, 
388, 390, 391 
liver binding of, 391 
Vitamin E 
kidney tubules and, 112 
Volume regulation 
ADH secretion and, 364 
aldosterone secretion and, 
336, 604, 605 
heart atria and, 605 
pressure breathing and, 
247 
see also Blood volume, 
regulation of 
Voluntary movement 
stretch reflexes and, 445 
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Ww 


Water 
cell content of, 149, 150 
intestinal absorption of, 
396, 397 
metabolic, 127 
metabolism of, 111-58 
Water, body 
distribution of, 139, 148, 
149, 358-62 
deprivation effects, 359, 
362, 365 
fluxes in body, 362-66 
intake of, 363 
minimum needs for, 127, 
131 
renal excretion of, 
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363, 364 
cortisone and, 146 
"free water" clearance, 138 
hormone deficiencies 
and, 145 
plasma volume and, 133 
posture and, 134 
total, 359 
tubular reabsorption of 
mechanism of, 121-30 
site of, 120, 121 
water intoxication, 359, 
360, 362 


Z 


Zinc 
prostate and, 76 
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